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Abstract

The industrial production of ammonia has been carried out by the Haber-Bosch
process for more than a century. However, a small-scale decentralized process is on high
demand, either for the use of ammonia as raw material in fertilizers industry or for its
growing interest as an energy vector for hydrogen storage. Particularly, the rising interest
of green ammonia (i.e., ammonia produced from renewables), has motivated a massive
research effort during the last two decades concerning new materials which lead to
circumvent the main handicap of the iron-based catalysts used in the Haber-Bosch
process: the current requirements of high temperatures and pressures that hinder the
coupling of ammonia reaction systems with renewable resources (mainly, water

electrolysis).

As discussed in the Chapter 1 from the Section |l of this document, there is a
wide variety of materials suitable for boosting the traditional ammonia synthesis process,
thus leading to a successful operation at mild conditions. However, most of these
catalysts are on an incipient research state or present some drawbacks (e.g., complex
synthesis methods) which hinder their scalability. Thus, the search of more suitable,
attainable and stable catalysts is required for an effective transition towards a green

ammonia thermocatalytic synthesis scenario.

This doctoral Thesis is focused on the role of cerium (Ce) as a support for 3
generation ammonia synthesis materials, since its versatile properties allow this metal to

be a chemical platform for the design of efficient catalysts.

In the Chapter 1 of this Thesis, a review of the state-of-the-art is done, in which
the historical evolution of the most relevant 1st, 2" and 3™ generation catalysts for
ammonia synthesis is presented. Furthermore, the fundamentals of this reaction are
unveiled with a particular focus on the metal-support interactions. The results from this

work led to the rational design of the catalysts presented in the following Chapters.

In the Chapter 2, the experimental results of the activity of CeNix alloys are
shown. This work, carried out in the MDX research Center for Element Strategy,
International Research Frontiers Initiative, Tokyo Institute of Technology, Japan,
highlighted the versatility of cerium by the good performance of the CeNi2 alloy, whose
fundamental key relies on the formation of a CeN surface layer over the original alloy,
acting as a second active center for the N2 dissociation and activation steps. Despite the
use of a non-noble metal like Ni, an activation energy as low as 55.3 kJ mol' was

achieved for CeNiz bulk particles.
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In the Chapter 3, an experimental work of catalysts made of Ru/CeO2 and
Ru/Ce02-Al203 is presented. It was demonstrated that a very simple impregnation-
calcination method led to the synthesis of a high surface cerium oxide support for
Ruthenium (Ru), creating a catalyst with low crystallinity and good electronic promotion
between metal and support, derived from the formation of surface oxygen vacancies,
typical from the reduction of cerium oxide (Ce;—Cej3). Further enhancement in the kinetic
mechanism can be found by the structural promotion of alumina. Activation energies as

low as 44.8 kJ mol! were obtained.

In the Chapter 4, the activity of Ru/CeO2-La20s3 catalysts is shown. In this case,
it was demonstrated that the activity of the original Ru/CeOz catalyst can be enhanced by
the addition of La to the oxide lattice, since the crystal structure of ceria can be disrupted
by the formation of Ce-La solid solutions. As a result, there is a decrease in the crystallinity
of the oxydes and a higher number of structural defects is obtained. Thus, it was observed
that a superior generation of surface oxygen defects boosts the electron promotion of the
support towards the metal. The optimum catalyst was made of a 50% of Ce in molar

bases and its apparent activation energy was as low as 34.1 kJ mol-'.

The results presented in the present Thesis demonstrate that cerium can be a
key element for the design of catalysts for green ammonia thermocatalytic synthesis,
either in the form of cerium nitride in metallic alloy complexes with Ni or in the form of
ceria as a support for Ru. Furthermore, the performance of the latter can be further
enhanced by structural promotion with Al20O3 or by functional promotion by enhanced
formation of oxygen vacancies using La203, which resulted in a better electron transfer
towards Ru.

Certainly, the versatility of cerium and its wide margin to design better performing
catalysts can play a key role in the transition of ammonia synthesis towards the industrial
application as both green hydrogen storage energy carrier and raw material for
decentralized small plants of green fertilizers.
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.  Section 1: Introduction, objectives and structure of the
Thesis

1. Introduction

Ammonia (NHs) is one of the most relevant chemicals worldwide, since it serves
as a feedstock for the production of fertilizers and chemicals'. 190 MMT/year of NH3 are
produced worldwide which, owing to the high energy requirements of the process, are
responsible for 1-2% of the global anthropogenic CO2 emissions?3. During the last
decades, NHs is being considered as one of the best potential candidates as a green
hydrogen (Hz) storage material. The NHs molecule has a Hz storage capacity as high as
17.7 wt%. Its interest relies on the reversibility of the NH3 synthesis reaction, presented
in Eq. 1, which leads to the potential use of NH3 as a carbon-free Hz carrier. Considering
that the vapor pressure of NHs is ca. 1 MPa at room temperature, NH3z can easily be
stored and transported in liquid form, thus the use of NH3 as a Hz carrier could solve one
of the most relevant handicaps for the establishment of the H:z infrastructure: its

transportation and storage.
Np+3H, © 2NH;  AHR=-91.9 kJ moly, Eq. 1

The kinetics of this chemical reaction is limited by the dissociation of nitrogen
(N2), since the cleavage of the strong triple N=N (945 kJ mol') bond is typically a slow
step*®. On the other hand, the NHs reaction is moderately exothermic. Therefore, the
industrial production of this commodity represents a chemical engineering challenge,
considering that the reaction is limited by kinetics at low temperatures and by

thermodynamic at high temperatures.

The equilibrium NHs mole fraction (yield) as a function of pressure is presented
in Figure 1 , at different temperatures. At room temperature, an equilibrium NH3 yield
above 90% can be achieved, even at atmospheric pressure, although, at such low
temperature, the reaction is kinetically disfavoured. However, as the temperature
increases, the equilibrium yield readily decreases. Therefore, if temperatures higher than
400-500 °C are required for kinetic reasons, the operation pressure must be higher than
7-27 MPa to dampen the temperature effect, resulting in a typical low NH3 yield of 20%.
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Figure 1. Equilibrium NHs mole fraction (yield) as a function of pressure, at different temperatures

The industrial production of NHs has mostly been carried out by the Haber-Bosch
process since 1913 and almost exclusively since the 1940s%7. Currently, most of the H:
used for the reaction is obtained by steam reforming of methane. Therefore, natural gas
is commonly used as a raw material. The Haber—-Bosch process (Figure 2), is divided into
two sections: the natural gas steam reforming and the NHs thermocatalytic reaction
system. The catalyst inside the fixed bed NHs reactor (showed in the scheme as KMR)
consists of iron (Fe), multipromoted with K20, Al203 and CaO (15t generation catalyst)®.
This catalyst is active within a temperature range of 400-500 °C. Since an NHs
concentration of ca. 20% is required, high pressures ranging from 10 to 30 MPa are
necessary for both kinetic and thermodynamic reasons. Under such conditions, only
large, centralized plants are feasible from both industrial and economic points of view®.
Furthermore, very robust plants with a large reactants recirculation system are demanded
to ensure a good production efficiency. In global, the Haber-Bosch process consumes a

5% of the natural gas and 1-2% of the energy worldwide.
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Figure 2. Scheme of the Haber—Bosch process. Reproduced with permission®. Copyright 2021, Elsevier Inc.



As aforementioned, the use of NH3 as both raw material for the production of
fertilizers and as a green H: carrier is on high demand?®''. However, a real implementation
of this concept relies on the production of NH3 at milder operation conditions and driven
by renewables. Hence, there are still some challenges to overcome in order to scale-
down the Haber-Bosch process and create feasible green NH3 plants. First, the use of
renewable technologies for the production of H2, mainly water electrolysis, must be
carried out at much lower pressures (ca 1-2 MPa) than the Haber-Bosch reactor, thus
the coupling between both technologies is still unfeasible®'2. In addition, the use of
renewable energy sources, such as solar or wind power, requires the installation of
decentralized plants, to overcome the seasonal and intermittent supply derived from
these technologies. Furthermore, the closest technological solution up to date, the so-
called electrolysis-based Haber-Bosch process (eHB) represents an additional
challenge, related to the electrification of the NH3 net'®. Second, the KMR catalyst, which
is the core of the Haber—-Bosch process, is only active at severe operation conditions,

which hinders a real and effective implementation of green NH3 production.

In order to solve this technological challenge, new catalysts must be developed
in order to promote a reasonable NH3s synthesis performance at milder conditions. The
first attempt to reach such an ambitious goal was carried out using Ru-based catalysts,
which started being developed at the end of the 20" century’#15. The dissociation of N2
is faster on Ru-based catalysts than on the Fe-based ones, since the formers present the
so-called B5 sites, which act as an active site for N2 cleavage'®'”. These 2" generation
catalysts were commercialized in 1998 for the Kellogg Advanced Ammonia Process
(KAAP), in the form of Ru supported on high surface area graphitic carbon (HSAG),
doubly promoted with Cs and Ba, achieving NHs yields of 40-50% at mild temperatures
of 370-400 °C and pressures of 5-10 MPa'®'9, In these materials, the NH3 desorption
limitations, typically observed for the Fe-based catalysts, can be circumvented?%2',
However, there are some drawbacks related to this 2" generation catalysts: firstly,
methanation of the HSAG carbon hinders the catalyst stability, which is much higher for
1st generation catalysts??2. Secondly, the performance of 2"¢ generation Ru catalysts at
high pressures is limited by H2 poisoning i.e., H2 adatoms trend to keep adsorbed on the
active B5 sites during the H2 dissociation process?*-2%. Thus, an increase in the operation
pressure is associated with an increase in the Hz partial pressure. Since Hz reaction
orders are typically negative because of the Hz2 poisoning effect, the global NHs synthesis

activity is more limited as the pressure increases. Thirdly, the lower abundance of Ru and



its higher cost as compared to Fe increases the initial investment and, hence, the

regeneration of the material represents a critical step at industrial scales?%%7.

Depending on the catalyst to be used, the NHs synthesis kinetic mechanism can
be driven by one of two possible pathways: dissociative and/or associative mechanism?8,

whose elementary steps are shown in Table 1.

Table 1. Dissociative and associative mechanisms for ammonia synthesis?®
Dissociative Mechanism Associative Mechanism

(1) N2 (g) + * — N2* N2 (g) + * — N2*
(2) N2* +* — 2N* Hz (g) + * — H2*
(3) N* + H* — NH* + * Ho* — 2H*

4) NH* + H* — NH2* + * N2* + 2H* — N2H*
(5) NH2* + H* — NHs* + * N2H* + H* — N2H2*
(6) NHs* — NHs (g) + * N2H2* + H* — N2Hs*
(7) Hz2 (g) + * — H2* N2H3* + H* — N2H4*
(8) H2* — 2H* N2Hs* — 2NH2*
9) NH2* + H* — NH3*
(10) NHs* — NHs (g) + *

All the 1stand 2" generation catalysts, as well as most of the catalysts developed
in the last three decades, are driven by the dissociative mechanism?®. As shown in Table
1, this mechanism consists of three global steps, namely, N2 dissociation and activation
(1-2), the formation of NHx species and NHs desorption (3-6) and Hz dissociation and
activation (7-8). As aforementioned, it is accepted by the scientific community that the N2
dissociation step is the rate determining step (RDS) for both 15t and 2" generation
catalysts®?3'. Thus, the best performing metals have been theoretically predicted
considering that the NHs synthesis activity is related to the N2 dissociation efficiency with
the performance of this step depending on the binding strength of the N2 molecule. On
the one hand, too high N2 binding energies result in low catalytic activities due to a limited
desorption of NH3 from the metal surface?'3233, On the other hand, if the adsorption of
N2 on the metal is too weak, the N2 dissociation step is too slow and the NH3 synthesis
becomes inefficient. Overall, the Sabatier principle predicts as optimum catalysts those
that exhibit intermediate strengths for the binding of N2 and NHs. Therefore, Ru, Os and
Fe are predicted as the best single transition metals (TMs) according to the volcano plots
showed in Figure 3. These predictions were deduced from the statement of the scaling
relation i.e., it was observed that there is a linear relation between the N2 adsorption

energy and the N2 dissociation energy barrier.
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Figure 3. Turnover frequencies (TOFs) of different TMs for NH3 synthesis as a function of the N2 adsorption energy.
Reproduced with permission'®. Copyright 2021, Elsevier Inc.

Unlike the dissociative mechanism, in the associative pathway the N2 molecule
is not dissociated, being adsorbed molecularly and activated on the catalyst (Table 1,
step 1). Thus, H* adatoms generated from the Hz dissociation (Table 1, steps 2-3) react
with the anchored N2* species to form intermediate N2Hx species (Table 1, steps 4-7) and
then NHs is formed and desorbed (Table 1, steps 8-10). In the associative pathway,
instead of dissociation, the N2 molecule is prone to react over the N=N triple bond by
either distal or alternate hydrogenation. This mechanism is driven by the particular action
of specific alternative active sites, commonly known as secondary active centres, which

are typical for catalysts based on hydrides, nitrides and single-atom catalysts (SACs)?°.

The increasing interest of NHs as a green Hz carrier along with the continuous
growth of population (which is intimately related to an increase in the production of
fertilizers) has motivated the research community to find a suitable alternative to the
Haber-Bosch process with emphasis on the scale-down of the process. The
enhancement of NH3 separation using sorbents®'2 and the search of novel catalytic
materials and processes to produce NHz more efficiently at mild conditions have been the
focus of new investigations'®343%5  There are many alternative processes to
thermocatalytic NHs synthesis in a research stage well-described in comprehensive
reviews. A general overview of the most relevant processes is provided below and a

scheme is shown in Figure 4:

1. Electrochemical-driven NH3 synthesis. This technology is based on a REDOX
reaction assisted by electricity in two separated cells: on the one hand, Hz (or
directly H20) is oxidized in the anode. Thus, protons are generated and carried in
the electrochemical medium. On the other hand, N2 reduction to NHs takes place

in the cathode, where the electrons produced in the anode are transported via an



external circuit®®. The main advantage of this process is the possibility to carry
water electrolysis and NHs3 synthesis in a single unit, which is particularly attractive
for an efficient coupling of the NHs production with renewable technologies®’.
However, many challenges must be overcome to consider electrochemical NH3
synthesis as an alternative to the Haber-Bosch process, namely the low Faradaic
efficiencies at low temperatures and the competing hydrogen evolution reaction

(HER) which proceeds at a similar range of potentials®.

. Non-thermal catalytic plasma. Plasma is based on the generation of an ionized
gas containing electrons and excited species, which can activate the N2 molecule
independently from the catalytic reaction. This leads to the breaking of the scaling
reaction typical from 15t and 2" generation catalysts for thermocatalytic synthesis,
with plasma acting as a second active centre and the catalyst working for H2
dissociation and the hydrogenation of N* activated species independently. Non-
thermal plasma offers two advantages over the traditional process: on the one
hand, the system can work at lower temperatures, an aspect that hinders the N2
dissociation in the thermocatalytic process. On the other hand, the catalyst needs
to have good hydrogenation properties rather than an optimum N2z binding energy,
thus non-noble metals such as Ni or Co can be used with good performance in
plasma-driven NHs synthesis. Nevertheless, current plasma energy efficiencies
must be improved in order to consider non-thermal plasma as a potential

technology for small-scale NH3 production.

. Photochemical NH3 synthesis. The photochemical route is based on the action
of a semiconductor, which acts as an intermediate charge vector i.e., photo-
generated and bare electrons can be produced driven by the action of solar light®°.
Then, these electrons can be used to reduce and hydrogenate the N2 molecule
and produce NHs. This step is similar to that attributed to the electrocatalytic
process. Indeed, there is a mixed approach in a research stage with higher energy
efficiency than the pure photochemical process: the photochemically assisted
electrocatalytic synthesis*®41. In this case, the electronic charge generated by the
interaction of the semiconductor with light is divided into two distinct
electrochemical cells. This avoids the oxidation of NH3 after synthesis in single
photochemical cells, thus increasing the global efficiency. Despite this process is
a promising alternative for room temperature NHs synthesis, its low solar energy



efficiency and embryonic stage of development hinder its application at higher

scale42:43,

4. Chemical looping. This process relies on carrying out the elementary steps from
NHs synthesis independently, thus optimum conditions can be used for each stage,
with successful operation at ambient pressure. Chemical looping takes place by
means of reaction intermediates, in which N2 or Hz are fixed in the first step and
then converted to NHzs in the second step, following an associative mechanism#4-
46_ The N2 fixation step, which is the key step, is typically achieved by the nitridation
of either pure metal (e.g., Mn, Co, Mo, Ca, etc.) or metal hydrides (LiH, BaH2, etc.)
and the nitrides are subsequently hydrogenated to form NHs. This behaviour is
similar to that observed with some catalysts investigated for the thermocatalytic
process, such as rare earth nitrides or LiH*’, in which some elementary steps are
prone to take place independently by the formation of either reaction intermediates
or hydrogen/nitrogen surface vacancies. The coupling of chemical looping NH3
synthesis with electrochemical processes is a promising technology that requires

further research to overcome energy efficiency issues*®4°.

5. Mechanocatalytic NH3 synthesis. The formation of NH3 at room temperature and
atmospheric pressure has very recently been reported in mechanocatalytic
systems i.e., ball mills filled with stainless steel balls and an Fe-based catalyst>°-5",
This technique is based on the generation of hot spots during the milling process,
over which reaction intermediates can be formed and eventually produce NHs.
Despite it has been proved that NHs can be produced continuously for periods of
ca. 100 h, it is known that the catalyst is prone to experiment structural and
chemical changes, which leads to extended transient periods of 10-20 h and the
NHs production rates remain very low. Nevertheless, even considering the
embryonic stage of mechanocatalytic synthesis, the high energy efficiency of the
milling process together with the positive initial results (i.e., the possibility to
generate NHs at the mildest conditions ever reported with the use of an Fe
catalyst), make this technology very promising.

Besides some demonstration NHs production plants based on electrocatalytic
processes, none of the technologies described above are mature enough to be applied
at industrial scale, even considering that a strong progress is being made by the scientific
community. Regarding thermocatalytic NH3 synthesis, an exponential increase in the

number of scientific publications during the last two decades has been noticed®?. The
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Figure 4. Scheme of alternative technologies to thermocatalytic NHs synthesis: (a) electrochemical-driven NHs synthesis®;
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NH3 synthesis®’

objective of the research community is to find new formulas to make feasible the coupling

of NHs synthesis with renewables at low scales. Particularly, catalysts with low activation

energies, are desirable for this application.

The first novel catalyst discovered was made of Ru supported on the so called
C12A7:e,, a mix of calcium (Ca) and Al oxides which can behave as an inorganic
electride®*%4, This material showed an outstanding electron donation capacity (e.g., low
work function and high electron density) together with a reversible hydrogen storage
capacity via hydrogen spillover, which made it an excellent support for Ru. As a result, a
positive H2 reaction order and a positive pressure effect were noticed and an apparent
activation energy around 50 kJ mol' was found. The N2 dissociation energy barrier for

this catalyst was estimated to be ca. 29 kJ mol' by DFT calculations as a consequence

(0]



of the high electron injection from the support to the TM, much lower than that attributed
to 18t and 2" generation catalysts. Therefore, N2 cleavage was no longer considered the
RDS for Ru/ C12A7:e", which tends to switch towards the formation of NHx species?3. The
insights on the kinetics of this catalyst were so relevant since two of the most relevant
handicaps from the 15t and 2" generation catalysts were circumvented, namely the H:
poisoning and a slow and limiting N2 dissociation step. This is the basis for the 3™
generation NHs synthesis catalysts that have attracted the attention of the scientific

community during the last two decades®.

Thus, most of the research efforts have been focused on the synthesis of 3™
generation supports for Ru in order to optimize the N2 dissociation step, as well as on
understanding the kinetics of the formation of NHx species. There are several
comprehensive reviews in which these materials are classified as a function of their
chemical nature and provide useful information about their performance, kinetic
mechanisms and most important properties’41%52.56.57 Recent progress in this field that

can be found in the State of the Art are covered in the Chapter 1 of this Thesis.

An optimum utilization of Ru in these 3™ generation catalysts is crucial
considering its high cost and low abundance. High NH3 yields per mole of Ru, known as
the turnover frequencies (TOFs), are required. As aforementioned, the research focus
relies on the design of 3" generation novel supports. Most of these supports, particularly
the electrides and surface electride materials, are based on a strong electron donation to
promote the N2 dissociation on the Ru surface, following the dissociative mechanism
shown in Table 1%, However, as aforementioned, there is an alternative pathway: the N2
molecule can be anchored and hydrogenated to form NH3 via associative mechanism by
means of the generation of lattice nitrogen or hydrogen vacancies, typical from supports

such as nitrides, hydrides and other complex materials?%-5960,

There is an alternative approach to the design of high TOF Ru-based catalysts,
based on the utilization of non-noble and more abundant metals, such as Ni or Co. There
are limited positive results in this field, since these exhibit poorer N2 dissociation capacity
than Ru (Figure 3). Therefore, in order to make this TMs suitable as NHs synthesis
materials, the use of functional supports which act as second active centres is required
to carry out the N2 dissociation. There are two original works following this path: on the
one hand, the utilization of LiH as support for many TMs demonstrated that the N2
molecule can be anchored in H' lattice defects on the support, where it is directly

hydrogenated into NH3 via an associative mechanism#’. This is due to the formation of



intermediate LiNH species, which leads to the breaking of the scaling relations described
above. Apparent activation energies in the 46-64 kJ mol-' range were reported for several
TMI/LiH catalysts. The scheme of the kinetic mechanism for LiH-based catalysts is shown
in Figure 5a. On the other hand, the formation of surface nitride N* defects also act as
second active centres for N2 cleavage in the case of metal nitrides, following an
associative mechanism®'. Since there is a competition between N2 and H: for the
occupation of these active sites, a non-noble TM with a good Hz dissociation capacity can
lead to the obtention of a global good performing catalyst. This is the case of Ni/CeN,
whose scheme as NHs synthesis catalyst is shown in Figure 5b. The key aspect for the
good performance of CeN as a second active centre for N2 dissociation is the low nitrogen

vacancy formation energy (Env = 1.3 eV).

(1) Ny+ 2% = 2N+
(2) N* + LiH—=* + [LiNH]

(3) [LiINH] + H,— LiH + NHy

Figure 5. Schematic description of the kinetic mechanism of catalysts driven by the action of second
active centres: (a) TM/LiH. Reproduced with permission®. Copyright 2016, Springer Nature; (b)
Ni/CeNs!

Even though the performances and kinetic mechanisms of these non-noble TM
based catalysts are as efficient as some of the best 3" generation Ru-based catalysts,
mainly supported on surface electrides, the synthesis methods for the obtention of these
materials are usually based on several complex steps such as solid-state reactions*”:62,
or arc electric furnace synthesis®. Moreover, the air and moisture stability of nitrides,
hydrides and their derivates is typically poor and their oxidation is considered irreversible

in most cases®. These aspects strongly hinder the application of these catalysts,
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particularly if aforementioned scale-down is required for the transition to an efficient green

NHs production.

The most recent efforts have been focused on the synthesis of intermetallics
SACs. Ternary intermetallics are synthesized from elementary metals, which are
combined to form specific formulas®5-8. These materials cannot only be used as supports
for Ru but also as compact catalysts containing Ru. As an example of ternary
intermetallics, LaRuSi showed an outstanding performance of 1.76 mmol g! h-', at 400
°C and 0.1 MPa, with an apparent activation energy of 40.4 kJ mol', even though the
specific surface area of this catalyst was as low as 1-2 m? g'. Nevertheless, the surface
of this catalyst can be treated by chemical etching with ethylene diamine tetraacetic acid
(EDTA) in order to maximize the concentration of Ru active sites on the surface®, with a
considerable increase in the NH3 synthesis performance. Furthermore, the air stability of
this catalyst was demonstrated to be excellent. In later studies, the kinetic mechanism of
this outstanding catalyst was unveiled: first of all, since La and Ru atoms are in close
contact, the electron transfer between La and Ru is strong. Furthermore, the formation of
lattice hydride species was reported, thus the H sites act as a second active centre for
N2 dissociation. Lately, the formation of a bowl active site i.e., four La atoms on the
surface and one Si atom in the subsurface, leads to a boosted N2 dissociation step. In
addition, the Si atom shows a variable valence state, with a versatile electron charge,

which accounts for an efficient NHx species formation via electrostatic repulsion®®.

It has been demonstrated that the optimum size for Ru nanoparticles is 1.8-2.5
nm’%71 since the active B5 sites concentration is maximum in this particle size range.
Nevertheless, recent studies unveiled that the kinetic behaviour of Ru catalysts when the
particle size is decreased up to sub-nanometric scale differs from traditional 2™
generation mechanism: instead of dissociated, N2 molecules can be anchored into the
active sites from Ru SACs and afterwards converted into NHs via distal
hydrogenation’?73. This is similar to the action of second active centres attributed to
intermetallics, hydrides and nitrides, following an associative pathway. Despite the
preliminary results in this field are promising, there are some challenges that hinder SACs
applications: first of all, as in the rest of associative-driven catalysts, the competition
between both N2 and Hz to occupy the single atom active sites is a barrier for an efficient
global mechanism, thus these catalysts can potentially suffer from H2 poisoning™.
Secondly, the single atoms sites are designed from a structural support with specific

templates i.e., the number of single atom sites available for the metal is limited and the
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metal loading is usually low’?75-78 |n addition, metal tends to agglomerate during the
reaction process, partially losing the active sites, thus the synthesis methods must be

successfully optimized?’®.

Even though the research studies are starting to focus on the use of non-noble
materials, the NHs synthesis paradox still remains unravelled: while the scientific
community understands that the application of new materials is necessary to use NHs as
the intermediate molecule to a real transition into a green H2 scenario in the near future
and, as a result, a large variety of catalysts has been developed at lab-scale since the
last two decades, the 15t generation Haber-Bosch process cannot be outfaced yet. In
order to effectively move towards a greener scenario, well-known, abundant, available
and stable catalysts are required and, in spite of the considerable efforts carried out in

terms of catalysts design, these 3™ generation materials are still far from this objective.

In this sense, a promising strategy relies on the promotion of Ru with rare earth
(RE)-based materials such as cerium (Ce)®8. These elements possess several interesting
properties, such as the facile reducibility of Ce (from Ce** to Ce?*), the generation of
strong metal-support interactions (SMSI) when Ru is loaded on the surface of RE oxides,
the formation of highly dispersed catalysts and the versatility i.e., they can perform as
NHs synthesis in different chemical forms (oxides, perovskites, nitrides, hydrides and
intermetallics)®®. RE materials have been successfully used as 2" and 3™ generation NH3
synthesis catalysts at lab scale, mainly as supports. Ce is the most abundant and cheaper
rare earth element. After reduction of Ce** into Ce®*, the oxide preserves the original
crystalline matrix and, as a consequence, oxygen vacancies are formed in the reduction

process®’. Bare electrons are caged in these oxygen vacancies, as shown in the Eq. 2:
Ce** +e > Ce? Eq. 2

The electron donation from these oxygen vacancies towards Ru leads to an
outstanding improvement of the performance of Ru/CeO: catalysts over conventional 2"
generation materials®!82. However, commercial ceria (CeOz) typically shows low surface
area and poor metal dispersion, thus NHs synthesis performances are not usually
considered efficient enough®. Moreover, the electron transfer from ceria to Ru is limited
and H2 adatoms tend to engage into the active sites, so Ru/CeO2 can suffer from H2
poisoning. Research on ceria-based supports is quite extensive and several approaches
have been carried out in order to demonstrate that it is a real alternative to 15t and 2"
generation catalysts. Considering that the low surface area is a well-known limitation of

CeOz2, most of these studies have focused on understanding of the morphological and
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structural properties of this material as NHs synthesis support. It was demonstrated that
SMSI is induced on the Ru-Ce interaction sites, thus morphological aspects are quite
relevant®384_ In addition, some novel approaches have been given in order to improve the
ceria natural structure. As an example, Ru/CeO2 with a modified support structure of a
yolk-shape sphere was prepared and, as a result, the particle size of CeO2 was adjusted,
leading to the tunning of the SMSI®5. The schematic representation of the performance of
this catalyst is shown in Figure 6. Furthermore, it is accepted that the CeOz2 structure can
be altered by the addition of secondary elements, thus the generation of surface oxygen
vacancies can be increased®. It has been demonstrated that the oxygen vacancies active
sites from the original Ru/CeO: catalyst can be improved by the addition of Zr,8” La® or
Sn8°. Most of these studies highlight the impact of the reduction temperature, with a trade-

off between the generation of surface defects and the high temperature sintering.

It was demonstrated that Ce hydrides and oxyhydrides outperformed CeO:2 as
supports for Ru. As long as CeHs owns the original reversible reducibility attributed to Ce,
in this case, the formation of hydrogen vacancies allows the simultaneous mobility of H-
and electrons, improving the tolerance to H2 poisoning and significantly enhancing the
performance of CeO2 supports®. A hybrid dissociative-associative mechanism is the key
aspect of these catalysts: while the back electron donation from the H- vacancies to Ru
via dissociative mechanism is prone to be given at the TM-support interface sites, an
additional associative cleavage of N2 on the H- lattice defects takes place, providing an
excellent performance to this hydride as support. Furthermore, oxyhydrides generated
from a mixed solid solution of CeO2 and CeHs outperform the oxide and hydride-based
materials®'. The additional performance is attributed to the increase in the H- mobility
given by the knock-off effect (i.e., the combination of grouping of tetrahedral structures of
0O?% and H- with the electrostatic repulsion between these anions)®?. Ru/CeH1.500.75
showed an NHs synthesis activity of ca. 1.7 mmol g h-', at 260 °C, 0.1 MPa and a weight
hourly space velocity (WHSV) of 36000 mL g™ h".

On the other hand, it has also been demonstrated that some rare earth nitrides
are able to produce NHs by themselves, without any TM loading on the surface®’. This is
due to the formation of defects on the nitride surface layer (Nv), in which N2 can be
anchored and hydrogenated via an associative mechanism. However, both N2 and H2
molecules trend to occupy the Nv active sites, thus the global rates are usually low. The
performance of this nitride second active centre breaks the barrier to N2 dissociation

which limits the use of non-noble metals as NH3 synthesis catalysts. Additionally, Ni/CeN
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exhibited an excellent NH3 synthesis performance, with an apparent activation energy as
low as 50.6 kJ mol'. In this case, even though Ni is unable to participate in the N2
cleavage, it is an excellent Hz dissociation metal i.e., it acts as a second active centre for

the donation of dissociated H2 species to the N2 activated species.

Metal- sllpport interaction Etl'tﬁlh of adsorption
{Enm elfect
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Nanoparticle size
Strmglh activation of N=N

Figure 6. Schematic description of the kinetic mechanism of modified Ru/CeOQ:2 with carbon templates. Reproduced
with permision®. Copyright 2019, Royal Society of Chemistry.

As aforementioned, intermetallics are being currently considered as an
alternative to traditional materials for NHs synthesis. The majority of the most promising
formulas necessarily work by the presence of RE elements. Not only (RE)(TM)Si
trimetallics, but also bimetallics typically used as H2 storage materials, such as LaNis,
demonstrated a high NH3 synthesis performance®3. At the NH3 synthesis conditions, the
LaNis morphology gets modified into a core-shell structure, with the formation of a LaN
surface layer, while Ni tends to be enclosed in the core. Similarly to the RE nitrides, N2 is
anchored on the LaN surface layer, while H2 is additionally dissociated in the core made
of Ni via Hz2 spillover through the nitride layer. As a result, nanoparticles (NPs) of LaNis
showed an NHs synthesis performance of 4.5 mmol g-' h-' at 400 °C and 0.1 MPa and an

apparent activation energy of 53.8 kJ mol'.

As a summary, RE elements possess a versatile chemical nature, with excellent
electronic properties and are prone to promote the NHs synthesis in several forms, not
only as supports for Ru in the form of oxides and hydrides, but also as supports for non-
noble metals in the form of nitrides (exhibiting some activity even with the absence of
metal loading) and in the form of intermetallics. It must be noted that most of the RE-
based materials used as NHs synthesis catalysts are made of La (Ru/LaHxOy, LaNis,
LaRuSi). However, Ce is more abundant and shows better properties for NH3 production
than La, such as a lower Nv formation energy. Therefore, gaining further insights on the
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behaviour of Ce as a chemical platform for the design of 3 generation NH3 synthesis

catalysts would be greatly interesting.
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2. Objectives
The general objective of this Thesis is to gain insights into the thermocatalytic
NHs synthesis and to produce suitable catalysts, with a particular focus on the specific
role of Ce in different chemical forms. Besides, this general objective is comprised of four

specific objectives:

1. Deep understanding on the NHs synthesis fundamentals and the intrinsic
insights that define this chemical reaction i.e., thermodynamic limitations,
kinetic mechanisms and key aspects, as well as the current state-of-the-
art in the development of catalysts. This specific objective is covered in the
Chapter 1 of this Thesis.

2. Design of efficient non-noble metal-based Ce catalysts. This specific

objective is covered in the Chapter 2 of this Thesis.

3. Synthesis of air and moisture stable CeO2 supports for Ru, made by simple
impregnation methods, with the approach of producing scalable and
efficient catalysts. This specific objective is covered in the Chapter 3.

4. Optimization of the performance of Ru/CeO:2 by the addition of La into the
crystalline net of ceria, which further enhances the metal-support

interactions. This specific objective is covered in the Chapter 4.

3. Structure. Compendium of publications
This thesis is structured in four Chapters. The first three Chapters correspond to
published works in scientific journals, establishing the compendium of publications of this
work. The Chapter 4 is developed apart in the main text of this Thesis.

A brief description of all the Chapters is given as follows:

1. Chapter 1: A Conceptual Approach for the Design of New Catalysts for

Ammonia Synthesis: A Metal-Support Interactions Review.

A review of the State of the Art is conducted in this Chapter. A historical
evolution of the progress in the development of NHs synthesis catalyst is
presented, with a particular emphasis on the specific action of the different
supports. Furthermore, the fundamentals of the NHs synthesis reaction are
introduced, thus the reader can have a good background on the most relevant

kinetic aspects attributed to this reaction: scaling relation, elementary steps of both
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dissociative and associative kinetic mechanisms, N2 dissociation and activation,

H2 poisoning, electron transfer, etc.

. Chapter 2: CeNix Alloys as Catalysts for Ammonia Synthesis: Insights on Ni-

CeN Surface Layer Formation and Its Impact.

This Chapter is the result of an international research stay in the MDX
research Center for Element Strategy, International Research Frontiers Initiative,
Tokyo Institute of Technology, Japan, under the supervision of prof. Kitano. CeNix
alloys, which are well-known as H2 storage materials, are tested as NH3 synthesis
catalysts. Two formulas are analysed: CeNi2 and CeNis. These catalysts are
prepared following an arc melting of pure Ce and Ni elements in stoichiometric
proportions. It is demonstrated that the formation of a CeN crystalline layer on the
catalyst surface is responsible of the superior activity of CeNi2 over CeNis (the CeN
surface layer is not formed for the latter). For the transformed CeNi2, an activation
energy of 55.3 kJ mol' is achieved, similar to some of the best Ru-based NH3
synthesis catalysts. This is due to the action of the nitrogen vacancies on the CeN

surface layer, which act as a second active center for a boosted N2 dissociation.

. Chapter 3: Efficient CeO2 and Ce0:2-Al203 supports for Ru as 3™ generation
ammonia synthesis catalysts: enhanced kinetic mechanism over

commercial Ru/CeO..

The expertise acquired during the stay in Japan was applied in the
research line of thermocatalytic NHs synthesis at Loyola facilities, resulting in the

experimental reaction systems described in Chapters 3 and 4.

After demonstrating the good performance of Ce as a second active center
for the N2 dissociation in the form of CeN in the Chapter 2, a different approach is
explored in the Chapter 3. In this case, Ce is used in the form of CeO2 as support
for Ru. A simple impregnation-calcination method carries the synthesis of a
Ru/CeO:2 catalyst that outstands a catalyst made of a commercial ceria, with a
higher specific surface area and low crystallinity, leading to an increase in the
formation of surface oxygen vacancies. Therefore, the SMSI are enhanced via
electron donation towards Ru. As a result, an activation energy as low as 46.1 kJ
mol' is achieved. The addition of basic alumina to the support matrix further
enhances the kinetic mechanism, showing an activation energy of 44.8 kJ mol’
with a 50 wt% of alumina. This is due to an increase in the global specific surface
area. The performance at 400 °C and 0.1 MPa of this catalyst is slightly lower than
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that attributed to Ru/CeOz2, which is reasonable considering that half of the active

support is substituted by a cheaper non-functional material, such as Al20s.

. Chapter 4: Ru/Ce0O2-La20s catalysts for ammonia synthesis: on the search of

an optimum Ce/La ratio.

Ongoing with the positive results from Chapter 3, it has been previously
reported that the addition of La promotes the formation of defects on the crystalline
structure of CeOz, thus increasing the generation of oxygen vacancies. This leads
to an increase of the SMSI by an enhanced electron promotion. The interest of this
Chapter comes from the lack of analysis of the optimum Ce/La ratio.

In this Chapter, it is verified that a 50% molar basis of Ce onto the Ce-La
mixed oxide matrix support provides an optimum kinetic scheme, showing an NHs
reaction rate of 2.7 mmol g' h-" at 400 °C and 0.1 MPa and an activation energy
as low as 34.1 kJ mol'. This is the best Ru/CeO2-La203 catalyst and one of the
best global catalysts ever reported in terms of NH3 synthesis performance, even
considering that the synthesis method is as simple as an impregnation and
coprecipitation-calcination process. The outstanding performance of this catalyst
over Ru/CeO2 comes from the disrupt of the crystalline structure by the addition of
La into the support matrix. As a result, the formation of surface oxygen species
i.e., oxygen vacancies, is much higher for the Ru/CeQO2-La203 catalyst than that
attributed to Ru/CeO2. Below a 50 n% of Ce into the mixed oxide support, the
crystalline structure gets shattered and tends to transform into the La203 matrix,

which explains the optimum observed for a 50% loading.
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Abstract: The growing interest in green ammonia production has spurred the development of
new catalysts with the potential to carry out the Haber-Bosch process under mild pressure and
temperature conditions. While there is a wide experimental background on new catalysts involving
transition metals, supports and additives, the fundamentals behind ammonia synthesis performance
on these catalysts remained partially unsolved. Here, we review the most important works developed
to date and analyze the traditional catalysts for ammonia synthesis, as well as the influence of the
electron transfer properties of the so-called 3rd-generation catalysts. Finally, the importance of
metal-support interactions is highlighted as an effective pathway for the design of new materials
with potential to carry out ammonia synthesis at low temperatures and pressures.

Keywords: green ammonia; mild conditions; electron transfer; 3rd-generation catalysts

1. Introduction

Ammonia is one of the most widely consumed chemicals worldwide. The high annual
ammonia production (ca. 190 MMt-year~! in 2020 [1]), along with the growing demand for
nitrogen-containing fertilizers [2], represents an environmental challenge since the synthesis
of this commodity is currently carried out by the conventional Haber—Bosch process, one
of the most energy-consuming industrial processes (ca. 200-400 bar of pressure and
400-600 °C of temperature), responsible for approximately 1.2% of global anthropogenic
CO, emissions [3].

In addition, like most industrial processes nowadays, the hydrogen used for ammonia
synthesis (see Equation (1)) is mainly obtained from non-renewable sources (e.g., natural
gas reforming), which eventually results in a considerable environmental impact.

N,+3H, — 2NHj3 (1)

In order to make this industrial system economically feasible, the Haber—Bosch process
is carried out in large central facilities which, in reality, contain two large industrial plants
in one (a steam methane reforming plant and an ammonia synthesis plant). Considering
the growing concern around Greenhouse Gas (GHG) emissions, there is a pressing need to
increase the sustainability of the process by coupling ammonia synthesis with renewable
hydrogen production via wind- or photovoltaic (PV)-driven water electrolysis. However,
effective coupling of both technologies requires ammonia synthesis to be carried out under
significantly milder pressure and temperature conditions than those used in the Haber—
Bosch process. The use of lower temperatures and pressures in the synthesis reactor paves
the way for designing smaller non-centralized ammonia plants, which could act as local
fertilizer producers [4]. This green ammonia concept represents a shift from traditional
high-scale centralized production to low-scale distributed generation [3].
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Apart from its main use as a raw material for fertilizers (approximately 80% of the
total ammonia produced [3]), ammonia has recently demonstrated a potential use as a
hydrogen carrier in virtue of its high hydrogen content (ca. 18 wt%) [1,3,5,6]. Moreover,
ammonia is much easier and also cheaper to transport than hydrogen, based on its low
vapor pressure (~10 bar). Actually, ammonia has a well-established international supply
chain and could become a suitable and effective pathway to transport hydrogen. Thus,
ammonia could be considered as a potential and attractive carbon-neutral feedstock for the
near future energy applications.

Based on the rising importance of ammonia production under mild conditions, the
feasibility of new methods such as chemical looping [7-9], photocatalysis [10,11], pho-
tothermal catalysis [12], plasma [13,14], electrochemical-assisted synthesis [15,16] and other
methods at the embryonic stage of development, such as mechanocatalytic synthesis [17],
is being analyzed. However, although important advances, all these technologies are still
at the very early stage of investigation and additional studies are required to demonstrate
their efficiency and scalability in realistic industrial conditions [5,18].

Regarding these promising technologies, they have some advantages but also many
challenges to compete effectively with more mature thermocatalytic ammonia synthesis [18]:
plasma synthesis can be carried out under mild conditions and can afford transients typ-
ical from renewables. However, ammonia synthesis rates are still low, and it is a high
energy-consuming process. Electrochemical synthesis also enables operating under mild
conditions and reduces CO, emissions by the use of H,O as a hydrogen source, but it has
some drawbacks, such as the competition of both nitrogen and hydrogen to be adsorbed
on the TM and low ammonia selectivity. In addition, photocatalytic synthesis also enables
ammonia synthesis under mild conditions, but dinitrogen promotion and activation perfor-
mance targets are not good enough yet. Therefore, it seems that thermocatalytic ammonia
synthesis is the most advantageous and developed technology to date, with a high future
potential, since there are many research possibilities to improve the current technology.

On the other hand, the design of novel materials for ammonia thermocatalytic synthe-
sis has experimented important progress in recent years, especially since the elucidation of
the positive synergy between the metal functionality (usually ruthenium) and a wide vari-
ety of promoters and supports. In recent decades, different materials have been investigated
with the aim to optimize the design of suitable catalysts [5,18,19].

Investigation of these materials is motivated by the potential environmental advan-
tages of improving the ammonia synthesis activity of current industrial catalysts by several
orders of magnitude, which relies on a reduction in energy consumption in the current
Haber-Bosch ammonia plants. As aforementioned, decreasing temperature and pressure
can potentially result in a decrease in CO, emissions since less energy is required to obtain
ammonia. Additionally, the possibility of coupling ammonia synthesis carried out by novel
catalysts with renewable energies would increase the environmental attractiveness of the
process even more, since the necessary hydrogen could be obtained from water electrolysis,
making ammonia synthesis a carbon-neutral process [5].

Based on the recent and fast development of new strategies for the design of new
materials with high activity for ammonia synthesis under mild conditions and on the com-
plexity of the phenomenology associated with each kind of catalyst, this review provides:
(i) a general view of the progress made through the different generations of catalysts, (ii) a
comprehensive explanation of the different mechanisms involved in the thermocatalytic
ammonia synthesis reaction and (iii) the future outlook and perspectives for the develop-
ment of new materials. Unlike several works published to date [18,20-25], the aim of this
review is to unveil the fundamentals of electron transfer and metal-support interactions,
since these concepts are key aspects for the development of the so-called 3rd-generation
catalysts for ammonia synthesis. In fact, since the discovery of the C12A7:e™ electride,
investigations into metal-support interactions led to a drastic change in the paradigm of
catalyst development [26]. As demonstrated in this review, the promotion of the electron
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transfer between the support and TM can be used as a reasonable criterion for the design
of efficient ammonia synthesis materials.

2. Thermocatalytic Ammonia Synthesis
2.1. Historical Evolution of Catalysts for Ammonia Synthesis

The Haber-Bosch process is the predominant route for ammonia production world-
wide [3]. The ammonia synthesis reaction (Equation (1)) is limited by the high stability of
the N molecule (N=N bond energy of 945 kJ-mol '), which is one of the strongest known
chemical bonds and requires precise forces to work at high temperatures (400-600 °C) to
increase the reaction rate. Since this reaction is exothermic (—92 kJ-mol 1), it is necessary to
operate at high pressures (200-400 bar) to overcome the thermodynamic limitations derived
from working at those temperatures [27]. The industrial process has been operating since
the early 20th century on the so-called 1st-generation catalysts based on iron oxides [21].
Industrially, the most commonly used catalysts are those derived from magnetite (Fe3Oy).
However, iron oxides by themselves do not exhibit significant activity so these materials
are generally supported on Al,O3 and promoted by other components such as K,O, CaO
or MgO [20,21,28,29]. The ammonia synthesis reaction over Fe is sensitive to the structure
rather than to electronic interactions, with Fe(111) being the most active facet [30]. Although
1st-generation promoted iron-based catalysts are widely used (mostly due to their low
price), they present low intrinsic activities, thereby being forced to operate at high tempera-
tures to achieve industrially acceptable activities. Operation at high temperatures harms
equilibrium conversion, thereby needing to operate at elevated pressures and increasing
the complexity of the industrial process. The classical Haber—Bosch process is therefore
non-compatible with renewable hydrogen production processes (e.g., water electrolysis),
which normally operate under milder operation conditions.

At the end of the 20th century, a new class of catalysts based on ruthenium over carbon
were developed in an attempt to reduce synthesis pressures and temperatures [20,21]. The
discovery and optimization of these 2nd-generation catalysts (i.e., ruthenium over carbon
normally promoted with Cs or Ba) led to a new industrial process for the production of
ammonia called the Kellogg Advanced Ammonia Process (KAAP), in which it is possible to
obtain yields of 40-50%, at lower temperatures (370—400 °C) and pressures (50-100 bar) as
compared to the conventional Haber-Bosch process using iron oxides as the catalyst [22].

Moreover, Ru-based catalysts have been demonstrated to be highly effective towards
ammonia synthesis, and more active than the conventional Fe-based catalysts [31]. How-
ever, ruthenium is a low abundant noble metal which hinders its industrial use due to
its high cost. Therefore, since the release and development of the KAAP process, several
strategies for the design of new catalyst based on Ru have been evaluated in order to
increase the activity and stability of these kind of catalysts, with the objective of minimizing
the amount of noble metal in the catalyst.

As in the case of iron-based catalysts, generally, the dissociative adsorption of N is
the Rate Determining Step (RDS) on ruthenium catalysts, as it will be explained in more
detail in the Section 2.3. The high activity of Ru-based catalysts for ammonia synthesis,
in comparison with other transition metals (from now, TMs), is normally associated with
the active B5 site (i.e., a configuration of three ruthenium atoms in a layer with two
further ruthenium atoms in the layer just above), which works as an active center for Np
cleavage [22,31]. The concentration of B5 sites on the catalysts is dependent on their particle
size, so several studies have been focused on the rational design of nanomaterials (i.e.,
reducing the size of the particles to a nano scale) in order to promote the amount of B5
sites on the catalysts. It was demonstrated that catalysts with a size ranging from 1.8 to
2.5 nm exhibit the highest amount of this specific kind of active sites, so different synthesis
procedures have been checked to decrease the size of the particles, which is generally
higher [32]. Furthermore, from a structural point of view, as it is common in heterogeneous
catalysis, a high specific surface and a proper porosity is desirable, and this is also generally
obtained by decreasing the particle size.
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However, even considering a reduction on the size of the particles and the presence of
a noble metal, a sole Ru over carbon catalyst commonly exhibits poor ammonia synthesis
activity [33] and ruthenium-based materials are thus commonly promoted by the addition
of some extra compounds: alkali and alkaline earth promoters have been demonstrated to
be very effective at achieving high activities towards ammonia production [22]. Among
them, cesium and barium are the most widely used, although their beneficial effects are
attributed to different phenomena. As an example, the addition of different amounts of
cesium to a ruthenium over ceria (Ru/CeQO,) catalyst, as well as the impact of the synthesis
route, were recently explored [34]. It was concluded that both the concentration of the
cesium promoter and the procedure followed for the preparation of the catalyst could
influence the performance of the material for the ammonia synthesis reaction. From these
results, it was observed that the optimal behavior in terms of ammonia production and
Turnover Frequencies (TOF) was obtained by adding the cesium to the support before
ruthenium impregnation, with an optimal load of Ru of 2% wt. and a Cs/Ce rate of 0.35. It
was suggested that larger amounts of promoter could block the Ru active sites, decreasing
the activity as a result. The beneficial effect encountered once the correct concentration
of cesium was used was attributed to the electron-donating effect of cesium as well as
an improvement on the resistance of the so-made catalyst to hydrogen poisoning that
commonly affect the ruthenium-based catalysts (see Section 2.3 for more details). The
interaction of cesium and the support can change the electronic properties of the catalyst,
increasing its performance due to the synergetic effect of ruthenium and cesium. The
electronic promotion encountered with the addition of cesium was also previously reported
by several authors and it is well accepted that the low electro negativity of alkali and
alkaline materials promotes the mentioned beneficial electronic effect [33].

Similarly, the addition of barium to different ruthenium-supported catalysts has been
demonstrated to significantly increase the activity for ammonia production [33,35-37].
The presence of barium on the catalyst seems to also influence the electronic properties
of the material in some extent due principally to the presence of Ba® [38]. However, it
was suggested that barium promotion comes from changes in the catalyst structure, by
increasing the highly active B5 sites [22].

It is interesting to note that despite the enhancement obtained by the addition of cesium
being much higher than that encountered when barium acts as a promoter [33], it has been
demonstrated that cesium degrades more rapidly than barium on a ruthenium supported
over yttria-stabilized zirconia catalyst [35], thus increasing the industrial attractiveness of
the latter. Therefore, it is clear that the activity is not the only effect to be considered for a
successful scalability of thermocatalytic ammonia synthesis technology.

Based on the different effects observed with Cs or Ba (i.e., electronic and structural,
respectively), the synergy between these two promoters was also investigated on a ruthe-
nium over carbon catalyst [39]. It was claimed that a Ru catalyst promoted by Cs and Ba
exhibited higher activities than those promoted by a sole species (Cs or Ba). This is pretty
interesting since it demonstrates that for a successful design of a catalyst for ammonia
synthesis under mild conditions, every single beneficial effect should be considered to
maximize its activity.

The promotion effect of other alkali elements, like potassium and sodium, has also
been analyzed [38,40], although their beneficial effect over ruthenium catalysts is lower
than that obtained with cesium or barium. In fact, it is well accepted that the effectiveness
of the promoters increases inversely with the electronegativity of the element used [41].
Nonetheless, despite the beneficial effect observed with K or Na, it is not as high as that
obtained with Cs or Ba, the addition of both Na and K to Ru-based catalysts results in
a remarkable promotion of ammonia synthesis [38,40] and it is worth to consider these
elements as promising promoters since they are much more abundant on earth than cesium
and barium, which could facilitate their spread into the industrial scale. It was recently
demonstrated [42] that ammonia synthesis activities are higher when potassium is added
to Ru/MgO and Ru/CeO; catalysts. Thus, an enhancement of more than double when
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4% wt. of K is added to the Ru/CeO; catalyst was reported, and a threefold increase for
K-Ru/MgO catalyst as compared to the unpromoted Ru/CeO, and Ru/MgO.

It is also interesting to note that the role of promoters is intimately associated with the
nature of the support and the effect can vary significantly [22]. For instance, although the
addition of small quantities of Cs (as low as a relation of Cs/Ru = 1) to a Ru/MgO catalyst
could significantly increase the activity, a relation much higher (Cs/Ru = 10) did not result
in a substantial enhancement when Al,Oj3 is used as support. In the case of alumina acting
as support, it is suggested that the promoter interacts with the acid sites of the Al,O3, not
covering the Ru surface, which results in a “deactivation” of the beneficial effect of the Cs [22].

Nowadays, a Ru-based catalyst promoted by Cs which uses high surface graphite car-
bon (HSGC) as support is commonly used at the industrial scale in the KAAP process [22].
However, at the same time, a wide range of materials are still being investigated intensively
as potential supports, seeking a high activity and stability towards ammonia synthesis un-
der mild conditions. Since the development of the KAAP process, 2nd-generation Ru-based
catalysts have been further researched, with a special emphasis on the support morphology
and its properties [22].

In this context, some common oxides, like MgO, ZrO,, CeO,, and Al,O3, which are
among the most commonly used heterogeneous catalyst supports, have been proposed as
a possible way to enhance ammonia synthesis activity and stability. Among them, it has
been demonstrated that those oxides with a certain degree of basicity can help to increase
the catalytic performance for ammonia synthesis [34,43]. In fact, as aforementioned, some
authors claim that acid sites (as those in Al;O3) can strongly interact with ammonia once
produced, limiting its desorption and finally decreasing the overall activity as a result [22],
although they could promote the activation of the dinitrogen. The importance of the
basicity on the ammonia synthesis activity was also highlighted by Miyahara et al. [43]
using Ru-based catalysts supported on lanthanoids oxides.

Authors encountered a positive relation between the basicity of the catalyst and the
TOF, demonstrating that the ammonia production rate increases when light lanthanoid
oxides (e.g., Ru/Pr,O3, Ru/CeO,, Ru/LaO3) were used as supports, which means that the
enhancement on the ammonia synthesis activity was intimately related with the catalysts
with the highest basic site concentration.

On the other hand, the effect of oxygen vacancies of the support has also been identified
as an important parameter to consider for the ammonia synthesis activity [44,45]. It has
been demonstrated by several works that a high amount of oxygen vacancies can promote
the nitrogen adsorption and its activation in photochemical applications [46-48]. Based
on this idea, the effect of oxygen vacancies was studied, analyzing ceria-based supports
with different morphologies for a thermocatalytic ammonia synthesis [44]. The higher
activity of CeO; nanorods over the CeO, nanocubes under the same operating conditions
(400 °C, 1 MPa) was attributed to the presence of a high concentration of oxygen vacancies,
along with a low crystallinity (which favors the presence of Ru** ions, instead of metallic
Ru particles).

Moreover, the importance of the oxygen vacancies for the ammonia synthesis reaction
has been further investigated [45]. The effect of doping a Ru over CeO, catalyst with
samarium (Sm) (Ru/Sm;03-CeO,) was studied and it was demonstrated that the addition
of Sm3* (up to 7% wt.) to ceria increases the concentration of oxygen vacancies, which
greatly increased the ammonia synthesis activity as compared to that catalyst with no
Sm. The enhancement observed once Sm was used was related to the improvement of the
reducibility properties of Ru and ceria, which could ensure a more efficient breakdown of
the nitrogen triple bond by the donation of the electrons from the partially reduced ceria to
the Ru metal particle, along with the increase in the hydrogen desorption capacity, which
can prevent hydrogen poisoning and thus promote the nitrogen adsorption.
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As previously demonstrated in several works, an enhancement into the electronic
properties of the catalyst improves the nitrogen dissociation into atoms before reacting
with hydrogen to form ammonia. Inspired by this idea, researchers focused their attention
into some materials with high ability of donating electrons with the aim of increasing
the activity of ammonia production under mild operating conditions. Thus, inorganic
electrides, ionic materials in which the electrons serve as anions [49], were considered as a
promising support for the active metal.

In this context, there are several electrides that have demonstrated a good performance
acting as support for the ruthenium in the ammonia synthesis reaction as compared to
2nd-generation catalysts [26,50-52]. Among them, it is remarkable the work developed
with the electride [Caps AlygOgs]** (e )4 (so called C12A7:e7) [26,53]. The material obtained
hydrothermally and latterly reduced at 1173 K (HT-C12A7:e ™) functions as a high efficiency
catalyst for ammonia synthesis at atmospheric pressure and 615 K, with activities higher
than the majority of conventional catalysts used. Further works demonstrated not only the
well-known beneficial effect by the donation of electrons, but also the crucial role of the
hydride ion mobility (caused by the reversible hydrogen storage capacity of the C12A7:e7),
which significantly increases the resistance to hydrogen poisoning [50,54]. In addition, and
also important to note, it was demonstrated that the RDS was the formation of N-Hy species,
since the apparent activation energy of Ru/HT-C12A7:e™ is lower than that corresponding
to nitrogen dissociation step, in contrast to conventional catalysts.

On account of the importance of the electron mobility, a wide variety of supports
have been tested during the last decade, with the objective of shifting the RDS from
nitrogen dissociation towards the formation of NH species, most of them enhancing metal—-
support interactions via promoting electron donation between support and TM, since this
strategy leads to globally better-performing materials. The majority of these supports,
which constitute the basis of the 3rd-generation catalysts for ammonia synthesis, have the
particular feature of permitting a continuous flow and high mobility of electrons by their
capacity of location inside the structural cages of the material. Apart from the electride
materials aforementioned, there are other types of supports, such as nitrides, amides and
hydrides, whose performance for low-temperature NH; production have been studied.

On the one hand, the presence of nitrogen vacancies in nitride-derived materials,
such as CeN or LaN, activates the adsorption of both N, and H,, promoting the catalytic
performance even for metals that, in principle, exhibit a low activity towards ammonia
production like Ni. Moreover, pure CeN nanoparticles are able to generate NHj3 at 400 °C
(250 pmol-g~1-h~! and 1450 umol-g~!-h~! at 0.1 MPa and 0.9 MPa, respectively) which
probes that presence of nitrogen vacancies (Ny) derived from the nitride species over
the catalyst surface is able to activate both the hydrogen and the nitrogen even with no
TM [55-57], since it works as a second active center for both nitrogen dissociation and
hydrogen activation. On the other hand, alkaline earth amide materials are also proposed
as effective supports for Ru (also for Co) [58]. In fact, Ru over Ba-doped Ca(NH;); have
been demonstrated to be much more active for low-temperature NH3 synthesis than such
as benchmark catalyst as Cs-Ru/MgO (100-fold higher at 260 °C). Ru/Ba-Ca(NH;),, which
exhibits a core-shell configuration and a mesoporous structure with a large surface area, is
able to suppress hydrogen poisoning and highly activate N dissociation (in this case, the
rate-limiting step is the formation of N-H species rather than N, cleavage) [37].

Further, the utilization of hydrides as support (details of hydride uses are discussed
later in Section 2.2) has been demonstrated to be an effective strategy to enhance the
formation of NH; under mild conditions. These kinds of materials, which are able to
function as an electron and hydrogen donors, have been demonstrated to exhibit an
excellent performance for ammonia production under mild conditions. Hydrides are also
very versatile since they can be used as supports for many different TMs [59], which is one
of the hardest handicaps of 2nd-generation ammonia synthesis catalysts. Furthermore, the
internal structure of alkaline hydrides can be modified by the addition of some elements,
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like fluorine, to increase the performance of the catalyst [60], which can enable conducting
the ammonia synthesis reaction at temperatures as low as 100 °C.

A recent alternative to nitrides, hydrides, electrides and rare earth-based oxides can
be found in the use of intermetallic compounds, whose understanding is of outstanding
interest since they have promising properties in the field of catalyst design for many
different applications and particularly for ammonia synthesis [24,61-63]. Intermetallic
materials can be used indistinctly as supports for Ru or as a compact catalyst where the TM
is located in the intermetallic matrix. On the one hand, when they are used as supports for
Ru, intermetallics exhibit strong metal-support interactions (SMSI): work functions as low
as 2.7,3.2 and 3.2 eV were measured for LaCoSi, LaFeSi and LaMnSi, respectively, which
are lower than those of pure La (3.5 eV), thus showing a surface electride-like behavior,
which not only leads to a strong metal-support electron transfer, but also to an enhanced
thermal stability of Ru. In addition, interactions between Ru and the TM from the support
matrix (Co, Fe or Mn) also play an important role in the Ru dispersion and particle size, and
in the global kinetic mechanism as well, given that the presence of a second active center is
reported for these catalysts: while N; dissociation takes place on Ru sites, hydrogenation of
N" dissociated atoms to form NHy species occurs over La surfaces [64]. On the other hand,
single-phase LaRuSi intermetallic material was reported as an efficient catalyst for ammonia
synthesis [65], since stronger chemical bonds between Ru and La are assumed to improve
the electron transfer [63], whose activity is attributed to a dual behavior as an electride
material, similarly to aforementioned intermetallic supports [24,61-63], as well as the
reversible exchange between lattice hydride ions and anionic electrons that takes place [65],
leading to an activation energy as low as 40.4 k]-mol~—!. Further investigations concluded
that (La,Ce,Pr)RuSi intermetallics show an excellent stability to air and moisture [66], with
no relevant changes in ammonia synthesis rate after half a year of exposure to ambient air
during the storage of the material. Moreover, a successful strategy to enhance those non-
loaded intermetallic catalysts based on chemical etching was reported [66]. This process
is based on the partial selective removal of the rare earth element over the surface, which
leads to an increase in the number of Ru sites on the catalyst surface, as well as an increase
in the surface area [66], leading to a 3-fold increase in the ammonia synthesis rate of LaRuSi
after 5 h treatment with EDTA-2Na 5 mM. An additional simulation work based on first-
principles calculations revealed that a key aspect to explain the high performance of LaRuSi
is the presence of a bowl active site, composed by four surface La and one subsurface
Si atoms, in which N dissociation is driven by electrostatic and orbital interactions [67].
Furthermore, a highly versatile electron charge for the Si atom located in the bowl Si atom
ensures an efficient NHy species desorption by electrostatic repulsion, where the required
energy for NHy species formation is assumed to be independent of the N, adsorption
energy, which accounts for an additional approach to circumvent the traditional relation
between these two energies [68].

Most recent works on the thermocatalytic ammonia synthesis field are focused on
enhancing the performance of materials by two different strategies: on the one hand, the
use and understanding of rare earth-derived novel materials is on high demand, since they
show different action mechanisms as ammonia synthesis supports, with a very versatile
chemical nature [63,69,70]. It is to underline that catalysts based on ruthenium over
lanthanum or cerium oxyhydrides [Ru/(Ce-La)Hs_»xOx] prepared by solid-state reactions
between pure hydride and oxide components show much superior ammonia synthesis
activity and stability than their corresponding pure oxide and hydride precursors [71], with
a maximum rate for x = 0.25 in case of lanthanum oxyhydrides and x = 0.75 for cerium
oxyhydrides. The superior performance of these compounds is attributed to enhanced
nitridation resistance over pure lanthanoid hydride species due to better hydrogen ion
stabilization in the oxygen lattice, thus ensuring improved electron donation towards Ru.
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On the other hand, modification and reorganizing of internal structures of catalysts
combine for a rising approach for design of novel materials: first of all, regarding the
ruthenium oxyhydrides aforementioned [71], very recent findings suggest that hydrogen
diffusivity in the support can be unexpectedly increased by lowering the “x” value, i.e.,
lowering the available the number of sites for hydrogen diffusion, since knock-off mecha-
nism takes place, which accounts for repulsive Coulombic interactions between H- ions
inside the support matrix that are more significant than the generation of active vacancy
sites [72]. This finding can lead to improved hydrogen activation and ammonia synthesis
performance. Secondly, there are promising results involving the addition of dopant species
inside the support matrix, as reported in the experimental study of CaFH solid solution as
a stable support for Ru [60]. In this work, it was demonstrated that the addition of fluorine
(F7) to CaHj highly enhances the original hydride performance at low temperatures and
pressures: the strategy of introducing F~ anions into a CaH; matrix led to an increase on
the electron donation of the original material. The electron repulsion between H™ and F~
and the weakening of the Ca-H bond (Ca-F ionic bond is stronger than Ca-H one) enables
reducing the temperature required for the H, migration, i.e., the work function of the
support is reduced from 2.7 eV (CaHy) to 2.2 eV (CaFH). As a result, the doping with F~
generated unprecedently high ammonia synthesis rates, with some measurable activity
even at temperatures as low as 50 °C and a pressure of 1 bar (~50 umol g~! h=!) and an ac-
tivation energy of 20 kJ-mol ! in the range 50-150 °C, which is approximately a half of that
observed on other novel 3rd-generation catalysts [20]. As a third example, nano-powdered
LaNis as a compact alloy showed a superior performance than any other Ni-based catalyst
and even comparable to some Ru-based materials [73]. The high activity of this material
is attributed to the self-reorganization of the original homogeneous LaNis matrix into a
core-shell structure with a surface layer made of LaN under ammonia synthesis reaction
conditions, which acts as a second active center for N, dissociation, while both LaN surface
layer and Ni encapsulated in the core act as hydrogen activators, leading to an ammonia
synthesis rate as high as 4500 pmol g ! h~! at 400 °C and 0.1 MPa. Finally, a very recent
experimental study of a barium-doped Co/LayO5 catalyst revealed that TOF was increased
more than 12 fold, under the same experimental conditions, as the reduction temperature
of the catalyst was increased from 500 to 700 °C [74]. This enhancement was ascribed to
the encapsulation of Co by a nano-fraction of BaO-LayOj3 over the catalyst surface, whose
formation process was enabled by the low melting point of the Ba precursor Ba(OH),,
which could melt and migrate together with La,O3; towards the Co surface, thus creating
a self-organized core—shell structure made by a core of Co and a low-crystalline layer of
BaO-La;O3 containing voids, enabling reactant gases to break through it. The formation
of this layer further enhances the metal-support electron transfer, leading to an improved
ammonia synthesis performance.

To summarize, the evolution of the most relevant catalysts mentioned in this section is
shown in the Table 1.

The ammonia synthesis reaction features are described in the Section 2.2, with a
particular accent on the 3rd-generation catalysts.

2.2. Ammonia Synthesis Reaction Fundamentals

Theoretical investigations based on microkinetics with the application of the Sabatier
principle [75] showed that there is a limit for the catalytic performance among the 3d and 4d
TMs, given by the linear relation that exists between the activation energy for N, dissociation
and the N=N binding energy: the so-called scaling relation, i.e., there is a fixed TOF, which
measures the ammonia synthesis rate for a specific TM, given by the scaling relation [76].
These studies resulted into the volcano plot showed in the Figure 1a, which predicts Fe, Ru
and CoMo bimetallics as the most suitable TMs for ammonia synthesis catalysts.
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Figure 1. Ammonia synthesis performance for different TMs. (a) Volcano plot derived from mi-
crokinetic studies by the application of the Sabatier principle. Reproduced with permission [68].
Copyright 2001, American Chemical Society, and (b) qualitative comparison of the performance of
the TMs with and without the LiH supporting effect. Reproduced with permission [59]. Copyright
2017, Springer Nature.

However, the discovery of the stable electride C12A7:e~ demonstrated that the scaling
relations can be broken by the addition of a second alternative active center to the material,
apart from the TM [59], which is typically associated with the support. As mentioned in the
Section 2.1, from this moment, the 3rd-generation catalysts arose, showing unprecedent high
catalytic activities, derived from metal-support interactions [20]. Indeed, the most remarkable
finding from these 3rd-generation catalysts is the positive circumvent of the scaling relation,
which was a limitation for 2nd-generation catalysts. This phenomenon is represented in the
Figure 1b [59], where the ammonia synthesis rate is shown when some TMs are supported on
LiH (red line) and without LiH (black line), in contrast with the volcano plots derived from
the application of the Sabatier principle (Figure 1a) [68]. As can be observed, a qualitative
comparison shows that some TMs traditionally unsuitable for ammonia synthesis based on
their low binding energy to dissociate N, can be used due to the promotional effect of the
second active center originated by the presence of the support action.

As a result of the growing interest in the field of the metal-support interactions
associated with the 3rd-generation catalysts, great efforts are being made by several groups
in order to unravel the reaction mechanism and to understand the implication of the
promotional effects.

2.3. Ammonia Synthesis Reaction Mechanism

The reaction mechanisms for the 3rd generation of catalysts have been analyzed [23,77]:
two commonly accepted routes for ammonia synthesis have been suggested, as shown
in the Table 2: the dissociative route, in which Ny molecule is cleaved by the electronic
promotion effect, i.e., the electron transfer from the TM to the 7* antibonding orbitals of Ny;
and the associative route, in which the N, dissociation step is circumvented.

In the dissociative mechanism, the electrons encaged (*) in the support (in the form of bare
electrons, H™ or other form, depending on the support nature) are transferred to the TM, thus
increasing the electron density, which leads to an enhancement of the dissociation of N; (1-2).
Moreover, the dissociation of Hj takes place on the TM surfaces and the H" adatoms spill over
into the support (7-8). Then, the activated N* and H* species react to form ammonia (3-6).

In the associative mechanism, in contrast, N, direct dissociation is bypassed and molecu-
lar dinitrogen is directly hydrogenated by dissociated hydrogen to form ammonia (4-10).

Apart from the action of metal nitrides and other specific materials involving the
associative mechanism, the dissociative route seems to be the predominant pathway for
most 3rd-generation catalysts studied [21]. As aforementioned, the N; activation and
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cleavage (1-2) is the RDS. Though operating at high temperatures and pressures was
typically the way to boost ammonia synthesis, the use of electronic promoters has been the
route to improve the RDS performance in terms of operating under mild conditions [20,21].

Regarding the ammonia synthesis mechanism, high experimental effort has been put
towards determining the influence of the metal-support interactions in some catalysts
and their electronic promotion, including the roles of H and N layers for hydrides and
nitrides, respectively. In addition to the influence of the particular N and H layers on the
associative pathway, the global scheme is similar for different supports and corresponds to
the dissociative mechanism. In the Figure 2, a scheme for the ammonia synthesis mech-
anism is shown for catalysts with different configurations: in the case of Ru/C12A7:e~
(electride, Figure 2a) [26] and TM/LiH (Hydride, Figure 2c) [59], the reaction is prone
to follow a dissociative adsorption pathway for N,, whose cleavage is enhanced by the
electronic promotion from the support, in the form of bare electrons (C12A7:e™) or H™
(TM/LiH), respectively. This electronic promotion is explained in detail in the Section 2.4.
However, for the Ni/CeN catalyst (nitride, Figure 2b) [56], N, reacts following an associa-
tive mechanism through its interaction with the N* layer of the support, which reacts with
the dissociated H* to form ammonia. In addition, there are some complex materials, such
as the TM/BaCeO3 xNyHj (rare earth perovskites oxy-nitride hydrides, Figure 2d), which
make the two possible routes feasible [78].
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Figure 2. Ammonia synthesis mechanism scheme for (a) Ru/C12A7:e™ (electride). Reproduced
with permission [26]. Copyright 2012, Springer Nature, (b) Ni/CeN (nitride). Reproduced with
permission [56]. Copyright 2020, American Chemical Society, (c) TM-LiH (hydride). Reproduced with
permission [59]. Copyright 2016, Springer Nature, and (d) CaCeO3_xNyH; (perovskite oxy-nitride
hydride). Reproduced with permission [78]. Copyright 2019, American Chemical Society.
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Significant differences can be found in the particular fundamentals for each support
type, as shown in the Figure 2. However, any catalyst developed to date follows one of
the catalytic mechanisms shown in the Table 2, even those which are not promoted by
the action of second active centers, such as alkali/alkaline oxides or activated carbons.
Oxygen vacancies, which arise as a consequence of the reversible reducibility of rare earth
oxides and some particular surface electrides [63], lead to the promotion of electron transfer
towards the TM, which drives nitrogen dissociation following the dissociative pathway,
greatly outperforming traditional 2nd-generation catalysts kinetic mechanisms. Alkali,
alkaline hydrides and their derivates perform on a similar way, since hydride ions can be
exchanged by electrons which also boost the dissociative cleavage of dinitrogen. However,
in this case, the transfer of electrons in the form of H™ anions makes hydrides attractive
since they act as second active centers for hydrogen dissociation [20]. A combination of
oxygen vacancies and reversible H™ donation makes oxyhydrides a promising branch of
catalysts to consider for their high performance [71]. As aforementioned, nitrides typically
follow the associative route: a reversible uptake of N* towards the nitride surface boost
direct nitrogen reaction with dissociated hydrogen, which globally enables the catalyst
to circumvent the nitrogen dissociation step, as demonstrated in several works [56,73].
In this case, the driving force for ammonia synthesis is directly related to the formation
of NHy species. According to these fundamentals, the nitride second active center for
nitrogen dissociation enables the use of non-noble TMs with reasonable performances,
which represents an advantage to most catalysts driven by the dissociative route, since
electron transfer is not usually applicable to these materials.

It is noteworthy that novel technologies in addition to traditional thermochemical
catalysis, such as photothermal or electrochemical catalysis, are ruled by either associative
or dissociative mechanisms. As an example, in photothermal synthesis of ammonia using
Ni/TiO, as catalyst, solar light activates and dissociate nitrogen by its interaction with
photoelectrons trapped into the generated oxygen vacancies, while hydrogen is dissociated
by the thermocatalytic action of Ni [12]. Therefore, although the driving force is photocat-
alytic action, the global mechanism follows the dissociative pathway. In contrast, chemical
looping enables carrying out nitrogen and hydrogen cleavage steps independently. Ammo-
nia synthesis materials used in chemical looping, such as lithium—palladium hydrides [7],
act as intermediate cyclic carriers, i.e., the complex system Li-Pd-H leads to fix dinitrogen
following a dissociative route, which is stored in the form of Li)NH. This carrier is then
hydrogenated to produce ammonia.

There is another key positive effect of the metal-support electronic promotion, which
is the reduction in hydrogen poisoning, typical from 2nd-generation Ru-based catalysts. In
that case, the dissociative adsorption of H; competes with the N; adsorption and cleavage
and thus the reaction orders with respect to H; are usually negative, due to the accumulation
of hydrogen adsorbed species inside the catalyst active sites. This phenomenon is more
remarkable at higher pressures, which represents a challenge for the industrial operation of
the Haber-Bosch system [5,59]. However, the electron donation from the support to the
TM ensures a continuous supply of H' by a reversible hydrogen migration [18,20,21,79],
preventing hydrogen poisoning. Furthermore, the presence of H™ anions in the support
from hydrides and their derivates is interesting since it gives a simultaneous backup of
electrons and H™ (thus ensuring positive Hj reaction orders) [59,80,81]. The impact on the
electron transfer between support and TM in terms of hydrogen poisoning is shown in
the Figure 3, were ammonia synthesis performance as a function of the operating pressure
from 1 to 10 bar is plotted for Ru/C12A7:e~ (3rd generation) and Cs-Ru/MgO (2nd
generation), at 360 °C [26]. In the case of Ru-Cs/MgO (black line), there is not a significant
effect of increasing the operating pressure, as long as hydrogen poisoning suppresses its
thermochemical and kinetic benefits. However, the ammonia synthesis rate increases with
pressure for the Ru/C12A7:e™ (red line), since hydrogen poisoning is circumvented.
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Figure 3. TOFs for Ru/C12A7:e~ and Ru-Cs/MgO at 360 °C Reproduced with permission [26].
Copyright 2012, Springer Nature.

Another relevant aspect of the 3rd-generation catalysts resides in their application,
since electron donation has been demonstrated to provide a high activity for ammonia
decomposition to some catalysts, such as Ru/CeO, [82]. A reversible production of green
ammonia has an outstanding potential, especially considering ammonia as a carbon neutral
high-density fuel which can be directly used in fuel cells [83]. Furthermore, there are
another environmental applications in which electron transfer plays a key role, such as
CO; upgrading, in which oxygen vacancies from CeO, promote the thermochemical
methanation process, catalyzed by Ru/CeO, [84].

As a global result of the phenomenology explained up to this point, the ammonia
synthesis rate of the 3rd-generation ammonia synthesis catalysts is superior by at least
one order of magnitude to 2nd-generation Ru-based catalyst [20,21,79] and their activation
energies much lower (40-60 k] mol~! and 80-100 k] mol !, respectively).

2.4. Metal—Support Interactions: Electron Transfer

The fundamentals behind the electron transfer between supports and TMs have
been slightly explained and contrasted with the wide experimental background on the
3rd-generation ammonia synthesis catalysts. However, some works have recently been
published in order to clear out the insights of metal-support interactions.

Particularly, a theoretical analysis of ammonia synthesis was performed, based on the
application of DFT and microkinetic modelling for the Ru/CayNH catalyst at atmospheric
pressure and a temperature range of 300-400 °C [77]. The TOFs were simulated for every
elementary step and contrasted with the experimental work performed for the same
material [50], assuming the dissociative route as the correct pathway. The results shown in
the Figure 4 demonstrated that the RDS is shifted from the N, dissociation towards NHy
species formation, which is in accordance with previous experimental works [20,85].

More precisely, the RDS was demonstrated to be given by the reaction of the dissociated
N and the hydrogen from the H lattice of the support in the TM-support interface through
an associative mechanism, which is consistent with previous findings for other hydride
catalysts [20,85].
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Figure 4. Comparison of ammonia synthesis rate for every elementary step (Table 2) and experimental
results (white dots) for the Ru/Cay;NH catalyst at 1 bar, as a function of temperature [77].

In addition, the key aspects of the electron transfer among TM and support for
electride-like catalysts, as well as the support requirements for an efficient electronic
promotion have been recently pointed out [86]: the difference between the work functions
(the required energy to move an electron from the Fermi level to the void, i.e., the minimum
energy to extract an electron from a solid) of the TM (4.2-5.1 eV) and support (2.1-3.0 eV)
generates an electron transfer from the latter to the former and active sites on the structure
are created. Therefore, it seems that the higher the difference in the work functions of TM
and support, the better the electronic promotion.

The activation energy for the Ru/C12A7:e~ catalyst, as well as ammonia synthesis
performance as a function of the electron concentration in the support are shown in the
Figure 5 [86]: for the original material (12CaO-7Al,O3), which corresponds to electron
concentrations lower than 0.5 x 102! cm~3, the activation energy is similar to that found
for 2nd-generation catalysts. However, as the electrons are doped on the material and
their concentration is increased beyond 1 x 10?! cm ™3, the support acquires its electride
behavior, thus leading a dramatic increase on its performance, due to the enhancement
of the N, dissociation, which explains the previously discussed shift on the ammonia
synthesis RDS [20,77,85].
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Figure 5. Ammonia synthesis activation energy and TOF as a function of the support electron
concentration, for the Ru/C12A7:e™ catalyst. Reproduced with permission [86]. Copyright 2021,
Springer Nature.
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Furthermore, in the particular case of the supports based on hydrides, the deposition
of the TM on the hydride support creates TM-hydride bonds, which gives an electride-
like nature to some originally non-electride materials. This property, which is promoted
by the formation of H™ at the TM-support interface, originates the so-called surface
electrides [79]. Surface electrides such as Ru/Ca;NH and Ru/Sr,NH show very high
ammonia yields at atmospheric pressure and temperatures below 300 °C, comparable with
those of Ru/C12A7:e~ [87] and their activity is attributed to the above-mentioned surface
electride nature.

In addition, a simple analysis of the electronic promotion of catalysts and their per-
formance can be performed based on work function gaps between TM and support: for
example, regarding the analysis developed about the performance of different 3d TMs
(from the groups 6-9) supported on LiH [59], their ammonia synthesis rate is ordered as
follows: Co~Fe > Cr > Mn, which matches with the order of the work functions of these
TMs (Co: 5.0 eV, Fe: 4.8 eV, Cr: 4.5 eV, Mn: 4.1 eV).

In contrast, from an experimental study about the performance of CaCN; as a support
for Ru [88], it was concluded that the ammonia synthesis rate of CaCNj is slightly higher
than that of other high performance electrides such as Ca,N and C12A7:e™, even consider-
ing the higher work function of CaCNj (3.95 eV) compared with Ca;N and C12A7:e™ (2.6
and 2.4 eV, respectively). In this case, the higher activity of the Ru/CaCNj is attributed to a
better dispersion of Ru nanoparticles on the support.

Moreover, the activities of CeHy.«, LaHj.x and YHj,, when supporting Ru are 1.63,
1.27 and 0.56 mmol g_1 h~1 at 300 °C and 1 bar, respectively [89], whose order does not
correspond to the former metals work function sorting (2.9 eV for Ce, 3.5 eV for La and
3.1eV forY).

In addition, there are many other aspects influencing the performance of surface
electride catalysts: for example, the ammonia synthesis rate varies approximately 1 order
of magnitude for different Ru precursors when supporting it on Ru/Ba-Ca(NH;), by
impregnation of Ba and Ca with liquid NH3 at —40 °C [37], as shown in the Figure 6.

Ru(CsHs),
Rucl, |j

rRuyco):. |

e —

0 2 4 6 8 10 12
NH; synthesis rate (mmol g' h'')

Figure 6. Ammonia synthesis rate for different Ru precursors supported on Ba-Ca(NH;),, at 9 bar
and 300 °C. Reproduced with permission [37]. Copyright 2018, Wiley Online Library.

Apart from this, the recently synthesized Ru/CaFH solid solution has 1 order of mag-
nitude higher performance than any other catalyst tested at atmospheric pressure [37,43],
but the estimated work function of CaFH is 2.2 eV, which is similar to that of C12A7:e~
(2.4 eV) and even higher than that of Ca(NH;), (2.1 eV). Therefore, the F~ repulsion effect
and the superior electron donation from the CaFH cannot be solely explained by a work
function analysis, but considering alternative phenomenology, as reported in Section 2.1.
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Table 1. Classification and industrial progress of catalysts for ammonia synthesis.
Classification Catalysts Nature Catalysts Examples Industrial Ref
y y P Applications 1
) . Iron-based (magnetite) Fe/Al,O3 - [21]
Ist-generation catalysts Promoted iron-based K-Fe/Al,O3-CaO Haber—Bosch process [20,21,28,29]
Ruthenium on carbon Ru/C - [22]
2nd-generation Doubly promoted
catalysts ruthenium on (Ba-Cs)-Ru/MgO KAAP process [22]
. (Ba-Cs)-Ru/C
non-functional supports
Electrides Ru/C12A7:e7, Ru/Ca2N:e™ [26,85]
. Ru/CeOs, Ru/PrO,
Rare earth oxides Ba-Co,/LayOs [44,74,90]
3rd-generation Hydrides Ru/LiH, Ru/Ca;NH, [59,60,87]
catalysts Ru/CaFH i
Nitrides CozMosN, Ni/CeN [56,91]
. o . Ru/CeH3_2XOX,
Oxyhydrides (nitrides) BaCeO3_XNyHZ [37,71]
Intermetallics LaRuSi, CeRuSi, LaCoSi, LaNis [66,67,73,92]

L. Relevant industrial scaling was only carried out in the Haber-Bosch (K-Fe/Al203-CaO) and KAAP ([Ba-Cs]-
Ru/MgO, [Ba-Cs]-Ru/C) processes.

Table 2. Dissociative and associative mechanisms for ammonia synthesis [23].

Dissociative Mechanism Associative Mechanism
1 Nz (g) +* = Np* Nz (g) +* = Np*
(2) No* +* — 2N* H; (g) + * = Hy*
3) N* + H* — NH* + * H,* — 2H*
4) NH* + H* — NH* + * No* + 2H* — NoH*
(5) NH,* + H* — NHz* + * N,H* + H* — NoH*
(6) NH3* — NH3 (g) +* N2H2* + H* — N2H3*
(7) H, (g) +* — Hp* N2H3* + H* — NpoHy*
(8) Hy* — 2H* N,H,* — 2NH,*
9) NH,* + H* — NH3*
(10) NH3* — NHj3 (g) + *

3. Discussion

Considering the background on the TM—support interactions and, particularly, the
electron transfer issue, the search for suitable supports with enhanced electron donation
capacity seems to be a reasonable strategy for the design of new 3rd-generation catalysts
for ammonia synthesis. As explained in the previous sections, several works report a high
interest to carefully consider the electronic promotion obtained when surface electrides are
used as supports, given their capacity to break the scaling relation for the N, dissociation,
which is as limit for the kinetic performance of 2nd-generation catalysts, opening a window
for exploring different new formulas [20].

Some works presented in this review support their experimental investigations with
simulations, mainly based on DFT, which reinforce the improvements of 3rd-generation
catalysts in terms of enhanced kinetic mechanisms. For instance, the experimental data
obtained for Ru/Cap;NH catalysts was used to obtain microkinetic information regarding
the reaction processes and mechanisms of ammonia synthesis, by means of DFT mod-
elling [77]. The conclusions of this study led to understanding how nitrogen dissociation is
promoted by the electron promotion of the TM from the support, as well as to determining
the role of the hydrogen lattice (hydrogen vacancies) as a second active center for hydrogen
dissociation. Interestingly, the RDS was identified as the NH; formation step, with a close
match between the experimental results and the DFT simulation.
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According to the background state of the art, a simple analysis of the work functions
of supports could be a good criterion for the selection and design of new materials, as
this property has been pointed out by Hosono and coworkers as a crucial parameter for
electride materials [79].

However, as analyzed in Section 2.4., there are many other aspects with a strong
influence on the performance of 3rd-generation catalysts for ammonia synthesis in addition
to the electronic promotion in terms of the work function gap between TM and support,
such as the surface properties of the catalyst and the TM dispersion on the support, the
materials and methods for the synthesis of the catalyst, the operating reaction conditions
or the addition of secondary species into the support, the tuning of internal structures or
structural configurations in intermetallic materials, thus the work function gap between
TM and support cannot solely explain differences between materials. Nevertheless, most
supports that ensure the behavior of surface electride to catalysts have work functions in
the range 2.1-2.4 eV [79]. Therefore, the use of low work function supports seems to be a
reasonable first approach to screen new materials.

To summarize all the ideas presented in this work, a general scheme about the action
of the 3rd-generation catalysts is shown in the Figure 7, which can be used as a conceptual
approach for the requirements of new materials. An approach for general dissociative
mechanism-like materials is presented in Figure 7a, while a scheme for catalysts that follow
the associative route is shown in Figure 7b.
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Figure 7. Conceptual approach for the requirements of new 3rd-generation catalysts for the (a) disso-
ciative route and (b) associative route processes.

4. Conclusions

The present study highlights the fundamentals of thermocatalytic ammonia synthesis
in terms of the reaction mechanisms, as well as the historical evolution of the 1st- and 2nd-
generation ammonia synthesis catalysts, with a particular emphasis on the metal-support
interactions for 3rd-generation catalysts.

For the electride-like supports, N, cleavage is no longer the RDS, but there is a
switch towards NHy species formation and continuous free electrons migration prevents
hydrogen poisoning.

Surface electrides, particularly hydrides and amines, are promising supports under
mild conditions to date, since the deposition of TMs on them ensures a continuous supply of
both electrons and H™, with activation energies in the range 20-66 kJ-mol . Furthermore,
the addition of secondary species such as electronegative and basic elements seems to
provide surface electrides a superior performance. In addition, internal structure tuning of
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novel materials and the coupling between structure versatility and stability of intermetallic
compounds are promising approaches for high performance materials design.

However, many other factors influence ammonia synthesis, like TM precursor forms,
the deposition process, TM loading, catalyst structural properties and operating conditions,
thus a direct correlation between the electron donation of materials described by the simple
form of the work functions and their performance is not truly representative, although it
leads to an initial approach for the search for more efficient ammonia synthesis catalysts.

Finally, although there have been significant advances in recent decades in terms of
ammonia synthesis performance and kinetic mechanisms for the new catalysts developed,
there are several constraints to be solved in order to achieve technological implementation.
For instance, the design of non-noble and stable materials, since some of them, such as
hydrides and nitrides, are not stable under ambient conditions and handling under inert
atmospheres is required. The search for a reasonable formula to couple ammonia synthesis
with renewables, avoiding transient influences, should also be addressed. In addition,
simple and scalable synthesis procedures are still necessary, since most novel catalysts
are produced at a small scale following complex methodologies, which can hinder the
industrial production of these materials.
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ABSTRACT: Ammonia, which is widely used for the production of fertilizers, is becoming
increasingly important as a hydrogen-containing energy vector. Typically, the ammonia synthesis
activity of non-noble cheap metal-based catalysts (e.g., Ni) is well below that of ruthenium or
cobalt. In this work, we unveil the performance of bulk CeNi, alloys as compact bimetallic
catalysts for ammonia synthesis. The spontaneous formation of a crystalline CeN surface layer was
responsible for the higher activity of CeNi, over CeNis (1.012 and 0.067 mmol g~' h7},
respectively) at 400 °C and 0.9 MPa. The CeN layer was key since it served as a second active
center for nitrogen dissociation, enhancing the ammonia synthesis rate to levels comparable to
other rare earth-based alloys. Significant differences in the global kinetic mechanism were also
found: CeNi, showed significantly lower apparent activation energies than CeNig (55.3 vs 79.5 kJ
mol ™!, respectively). Furthermore, CeNi, showed synthesis rates 1 order of magnitude higher than
pure bulk CeN, thereby stressing the key role of Ni as an additional center for hydrogen and
hydrogen-containing species (NH,) activation. We also demonstrated that the chemical state of

CeNi,
N,, H,

=

o

-

cerium (oxide vs nitride) is key for enhancing the ammonia synthesis reaction. We found that Ce is required to be in the form of
nitride for enhancing the activity of CeNi,, as revealed by the poor kinetic behavior (high activation energy, strong hydrogen

poisoning, and poor affinity toward NH,, species) and low synthesis rates found for a nanopowder Ni/CeO, catalyst.

KEYWORDS: nickel, CeNi, alloys, CeN surface layer, second active center, non-noble metal-based catalysts

1. INTRODUCTION

Ammonia (NH;) has recently gained attention as a chemical
platform, not only for its increasing use in the fertilizer industry”
but also due to its potential role as an energy carrier, owing to its
large hydrogen content (18 wt %).”~> The Haber—Bosch (HB)
process, traditionally used to produce ammonia, is highly
energy-consuming since harsh operating conditions (i.e.,, 20—40
MPa and 400—600 °C) are required to achieve the dissociation
of a very stable nitrogen molecule (N,).

In this context, strong efforts have been made to develop more
efficient catalysts able to achieve reasonable ammonia synthesis
performance at milder conditions.”’ ™' This approach is
particularly interesting for integrating NH; synthesis with
renewable hydrogen production via water electrolysis, thereby
paving the way for a new paradigmatic small-scale distributed
green ammonia production.'” 3d transition metals (TMs), such
as ruthenium (Ru), have demonstrated high ammonia synthesis
activities at milder conditions,””® owing to its optimum nitrogen
absorption energy.13 However, despite its superior activity, the
high cost of Ru hinders its widespread use at the industrial scale.
Thus, the design of non-noble-metal-based catalysts for
ammonia production is highly desirable. However, when
selecting non-noble metals for this application, it is necessary
to consider their affinity toward nitrogen (i.e, adsorption
energy) since the adsorption and subsequent dissociation of N,

© 2023 American Chemical Society

7 ACS Publications

is a key step in ammonia synthesis."* Some non-noble metals
such as Ni present very low affinity toward N,. This limitation
has recently been overcome by using active supports with the
ability to activate and dissociate N,, such as hydrides (e.g,
LiH") or rare-earth (RE) nitrides (RE = Ce, La, Y).' While
hydrides allow N, dissociation by promoting simultaneous
electron and H™ transfer processes, nitrides promote N,
adsorption and activation by providing nitrogen vacancy (Ny)
surface sites.

RE elements have attracted significant attention in the field of
ammonia synthesis at mild conditions.'” Their versatile
chemical nature allows them to generate different active centers,
thereby facilitating the dispersion of TMs on their surface. In the
case of RE oxides, the high reducibility of these materials results
in the formation of surface oxygen vacancies upon reduction,
promoting the so-called strong metal—support interaction
(SMSI). The formation of these oxygen vacancies improves
the dispersion of the TM while promoting electron transfer
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processes toward the metal, thereby facilitating the activation
and dissociation of the N, molecule.'”'® This strategy has
demonstrated to be useful for metals with optimum nitrogen
absorption energy, such as Ru'>*’ or Co.”' RE hydrides and
oxyhydrides have shown higher activities compared to RE oxides
since the highly mobile H™ further enhances the electron
donation process.”””’ In general, the use of a suitable material as
a secondary active center has been demonstrated to boost the
activity of TMs with optimum nitrogen absorption energies.

In the case of metals with low affinity to nitrogen, such as Ni,
RE oxides are less efficient and new strategies are required.” In
this sense, Ni has recently demonstrated to have a superior
performance when promoted with RE nitrides'® since Ny sites
can activate H, and, particularly, N,. Among the RE nitrides,
CeN has shown a superior performance for ammonia synthesis
compared to LaN and YN because of its lower Ny formation
energy (i.e., Ey, = 1.3 eV). Bulk 5 wt % Ni/CeN has shown an

outstanding ammonia synthesis activity of 3100 ymol g' h™" at
400 °C and 1 bar.'

Intermetallic RETM compounds are currently gaining
attention as ammonia synthesis catalysts”*~*’ since the close
interaction between RE and TM promotes N, dissociation
efficiently. RETM, alloys (x = 2, 3, S) have been found useful for
several ag)pligations,3’0’31 particularly as hydrogen storage
materials,”” > in virtue of their ability to reversibly form
hydrogenated complexes. This ability of RETM, intermetallics is
particularly interesting for ammonia synthesis applications.
Recently, LaNig alloy nanoparticles (NPs) have shown out-
standing ammonia synthesis activities (4500 gmol g~ h™" at 400
°C and 1 bar) with apparent activation energies as low as 53.8 kJ
mol™". LaNi has clearly outperformed other Ni-based materials,
showing activities in the range (or even slightly higher) of those
of Ru-based intermetallic compounds. The superior perform-
ance of LaNi; has been ascribed to the formation of a Ni—LaN
surface layer upon reaction, resulting in a self-organized core
(Ni)—shell (LaN) material.*® The formation of secondary or
intermediate phases has received growing interest in the field of
ammonia synthesis and catalyst design. TM or primary phase
encapsulation has demonstrated to lead to a dramatical increase
in the ammonia synthesis performance of original materials,
principally as a result of the formation of secondary active phases
as in the case of LaNis*® or for conventional TM/support
materials, such as Co/ BaO-La20337 In this case, the formation of
surface nanolayers encapsulating the TM is reported to enhance
the electron transfer, further enhancing ammonia synthesis as
compared to the original catalyst.

In this work, we provide new insights into the performance of
bulk CeNi, (x = 2, 5) alloys. Remarkably, we found CeNi, alloys
to outperform bulk LaNig by 20% in terms of the ammonia
production rate at similar conditions. We also demonstrated that
the performance of CeNi, alloys relies on the formation of a
CeN surface layer over the fresh catalyst and analyzed the
relationship between the formation of this CeN phase and the
ammonia synthesis rate. We found that the CeNi, performance
and kinetic mechanism clearly exceed those of pure bulk CeN,
with Ni playing a crucial role as a second active center for
hydrogen dissociation and hydrogenation of the adsorbed
nitrogen species. Furthermore, the importance of the chemical
state of cerium in the nitride phase was highlighted. The CeNi,
alloy catalyst showed significantly higher ammonia synthesis
rates and lower apparent activation energies than did a regular
Ni/CeOQ, catalyst. Ni/CeO, also showed negative and zero

reaction orders toward hydrogen and ammonia, respectively,
revealing a less efficient global kinetic mechanism as compared
to the CeNi, alloy catalyst.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. CeNi, ingots were prepared by
arc melting of specific mixtures (Ni/Ce molar ratio x = 2:5) of
pure elemental Ce shots (99.9%, Rare Metallic Co.) and pellets
of Ni powder (Kojundo Chemical Laboratory Co.), while bulk
CeNi, powders were obtained by crushing the as-received ingots
using an agate mortar, as reported previously.g’6

Bulk CeN samples were collected from previous batches and
synthesized following a hydrogenation + nitridation process
from pure Ce shots, as reported previously.'®

Ni/CeO, NPs were prepared by loading Ni (20 wt %) over
pure CeO, NPs through a solid-state reaction of nickelocene
(>98.0%, Tokyo Chemical Industry Co.) and CeO, (Sigma-
Aldrich), mixed in an agate mortar, followed by a reduction
stage, as previously reported."®

Since Ce shots, nitrides, and alloys are air- and/or moisture-
sensitive, material handling, crushing, and solid-state reaction
procedures were all conducted inside an Ar-filled glovebox.

2.2. Ammonia Synthesis Tests. Catalytic reactions were
carried out in a stainless-steel fixed-bed reactor under a
stoichiometric N,/H, (1:3) flow of 60 mL min™. A WHSV of
36000 mL g™ h™" was settled, so 0.1 g of the catalyst bed was
used. The ammonia produced was monitored under steady-state
conditions of temperature (340—400 °C) and pressure (0.1—0.9
MPa). A thermocouple was directly placed into the catalyst in
order to minimize temperature errors. The ammonia produced
was trapped in a S mM aqueous sulfuric acid solution, and the
concentration of NH*' ions was determined using an ion
chromatograph (Prominence, Shimadzu) equipped with an
electrical conductivity detector. Ar gas was used as an inert
diluent gas for measuring the N, and H, reaction orders to
ensure a total flow of 60 mL min~" when changing the flow rate
of N, and H,.

2.3. Characterization. Crystal structures were analyzed
using X-ray diffraction (XRD; D2 Phaser, Bruker) with Cu Ka
radiation (4 = 0.15418 nm). All of the samples were placed in Ar-
filled capsules to avoid air oxidation. Nitrogen adsorption
measurements (BELSORP-mini II, BEL) were used to obtain
the Brunauer—Emmet—Teller (BET) surface areas of the
samples. X-ray photoelectron spectroscopy (XPS) (KRATOS
ULTRA2, Shimadzu) analyses were carried out using Mg Ko
radiation at <107 Pa, applying 8 kV voltage to the X-ray source.
A sample holder was transported inside an ultrahigh vacuum
(UHV) apparatus from an Ar-filled glovebox to avoid air
contamination. Carbon 1s peak (binding energy = 284.6 €V)
was used as a reference for sample measurements. Temperature-
programmed desorption (TPD) analyses of hydrogen (m/z =
2), nitrogen (m/z = 28), and ammonia (m/z = 17) were
performed to measure the amount of adsorbed gases in all
samples usinga BELCAT-A (BEL) instrument. Typically, 0.03—
0.0S g of the sample was placed in a quartz glass cell inside an Ar-
filled glovebox before the measurements. This cell was heated
(10 °C min™") under an Ar stream (30 mL min™') and the
concentrations of N, H,, and NH; were monitored by a thermal
conductivity detector (TCD) and a mass spectrometer (Bell
Mass, BEL).

https://doi.org/10.1021/acscatal.3c03654
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Figure 1. CeNi, alloy kinetic analysis results. (a) Ammonia synthesis rates at 0.1 and 0.9 MPa. Conditions: 400 °C, 36,000 mL g~ h™', N,/H, = 1.3,
0.1 g of the catalyst. (b) Arrhenius plots for ammonia synthesis at 0.9 MPa. (c) Ammonia synthesis rate as a function of pressure at 400 °C. (d) Time

course of the ammonia synthesis at 0.9 MPa and 400 °C.

3. RESULTS AND DISCUSSION

3.1. Ammonia Synthesis Performance of CeNi,. To
study the catalytic behavior of Ce—Ni alloys, two catalysts with
different Ni/Ce molar ratios were synthesized, as described in
the Section 2. Kinetic experiments were conducted for both bulk
CeNi, and bulk CeNis to compare their performance. Prior to
these kinetic tests, a preactivation stage was carried out for both
catalysts during 2 h, at 500 °C, under a total gas flow (N,/H, =
1:3) of 60 mL min ™", at a pressure of 0.1 MPa, to make sure that
the catalyst is homogeneously formed. A layer of CeN emerges
during the activation stage for CeNi,, and its formation process
and impact on the ammonia synthesis are described in Section
3.2. Figure la shows the performances of CeNi, and CeNij at 0.1
and 0.9 MPa, respectively. CeNi, showed ammonia production
rates several orders of magnitude higher than CeNi; under
similar conditions. Interestingly, CeNi, showed ammonia
production rates 20% higher than previously reported bulk
LaNig (0.30S vs 0.250 mmol g~' h™") at the same conditions
(4003:(:, 0.1 MPa, WHSV of 36,000 mL g~' h™, N,/H, =
1:3).

With the aim to gain insight into the different kinetic behavior
of CeNi, and CeNis, the Arrhenius plots for CeNi, and CeNi;
were built (Figure 1b). Both alloys showed an appreciable
difference, not only in terms of catalytic activity but also
regarding the kinetic mechanism. Arrhenius plots revealed an
apparent activation energy of 55.3 kJ mol™' for CeNi,
significantly lower than those of well-known Ru-based catalysts
(80—150 kJ mol™)” and lower than that of CeNis (79.5 kJ
mol™'). Since traditional Ru-based catalysts are typically
controlled by the nitrogen dissociation step, these results seem
to indicate that the rate-determining step (RDS) for CeNi, is not

15717

N, dissociation, and it tends to shift toward the formation of
NH, species.’® This is further confirmed by the reaction orders
(Table 1), the experiments of which were driven at 0.9 MPa. The

Table 1. Kinetic Parameters of CeNi, Alloys in the Ammonia
Synthesis Reaction®

catalyst E, (K] mol™) a (N,) B (H,) y (NH;)
CeNi, 58.3 0.663 1.089 -0.725
CeNig 79.5 0.884 0.633 —0.690

“E,: apparent activation energy, a: nitrogen reaction order, f:
hydrogen reaction order, y: ammonia reaction order. Experimental
conditions: 400 °C, 36,000 mL g™ h™!, N,/H, = 1:3, 0.1 g of the
catalyst.

procedure for the reaction order calculation is detailed in the
Supporting Information, Section S1. A nitrogen reaction order
(a) closer to unity for CeNi reveals a higher predominance of
N, dissociation in the global kinetic scheme, as reported
previously.”*>**** The positive hydrogen reaction orders (3)
obtained for both CeNi, and CeNis revealed the absence of
hydrogen poisoning issues on these alloys.”*”*"** CeNi,
showed a significantly higher hydrogen reaction order than
CeNij, thereby revealing hydrogen adsorption and dissociation
processes to be much more relevant in the reaction mechanism
on the former alloy.” The positive /3 values for both CeNi, and
CeNi; were reflected in a positive and almost linear effect of the
pressure on the reaction rate (Figure 1c), although the positive
effect was more noticeable for the CeNi, alloy. The slopes of
plots in Figure lc, calculated as variations of the ammonia
synthesis rate with pressure divided by the ammonia synthesis
rate at 0.1 MPa, were found to be 2.9 and 2.0 MPa™" for CeNi,

https://doi.org/10.1021/acscatal.3c03654
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Figure 2. Characterization of CeNi, alloys. (a) XRD crystal structure of fresh and used CeNi,. (b) XRD crystal structures of fresh and used CeNis. (c)
Ni 2p XPS patterns of fresh and used CeNi;. (d) Ni 2p XPS patterns of fresh and used CeNi,. (e) N 1s XPS patterns of fresh and used CeNi. (f) N 1s

XPS patterns of fresh and used CeNi,.

and CeNig, respectively. The different f values for both catalysts
can account for this different effect of pressure on the reaction
rate.” For its part, ammonia reaction orders (y) were very
negative and nearly similar for both alloy catalysts.

Both CeNi, and CeNis remained highly stable after 3 h on
stream (Figure 1d). CeNi, (8% ammonia synthesis rate loss after
90 h on stream) and CeNig (6% activity loss after 160 h on
stream) were slightly deactivated with time. Therefore, total
reaction times of 90 and 160 h were counted for CeNi, and
CeNig, respectively.

To understand the differences between CeNi, and CeNij,
BET surface analyses were carried out. Both catalysts showed
similar surface areas (Table S1), thereby ruling out some effect
of this parameter on the higher performance of CeNi, as
compared to CeNis. Further characterization was required to
understand the different behavior of both alloys. Crystal
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structures were determined by means of X-ray diffraction
(XRD) analyses. XRD patterns of CeNi, and CeNig are shown in
Figure 2a,2b, respectively. From now on, note that all as-
received catalysts, before the preactivation stage, will be defined
as “fresh”, while after-reaction materials will be named as “used”.

As observed, crystal structures ascribed to CeNi, (Figure 2a)
and CeNi; (Figure 2b) were confirmed for fresh samples (black
lines), with minor peaks corresponding to Ce,0; as a result of
slight oxidation due to residual exposure to air inside the
glovebox. After the reaction (red lines), CeNis preserved its
crystal structure, with slight angle shifting of the major CeNi;
peaks. However, a change in crystal structure was observed for
CeNi, after the reaction, showing a transformation from a nearly
pure CeNi, phase to pure CeN, with one additional peak
corresponding to Ni metal. Remarkably, no formation of the
CeN phase was observed for CeNi; after the reaction. As it will

https://doi.org/10.1021/acscatal.3c03654
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be discussed later in Section 3.2, the formation of this crystalline
phase of CeN can explain the outstanding performance of CeNi,
as compared to CeNi;.

The formation of nitrogen vacancies has been demonstrated
to promote efficient N, dissociation over a Ni/CeN catalyst and
in the absence of metal (pure CeN phase) in previous studies.'®
Bulk Ni/CeN (i.e., specific surface area of around 2 m* g™")
showed a very low apparent activation energy (53.4 k] mol™"),
which is very similar to that measured herein for CeNi, (55.3 k]
mol ™!, Table 1), which strongly supports the idea that the CeN
phase plays a key role in the reaction by providing a second
active center (i.e., nitrogen vacancies) for nitrogen dissociation.
CeN generates nitrogen vacancies more easily (formation
energy: 1.39 eV) than other nitrides such as LaN (1.72 eV),'°
which can explain the superior performance of bulk CeNi,
versus bulk LaNis since a self-organized nitride surface layer is
generated spontaneously for both catalysts. In terms of ammonia
synthesis activity and the complete kinetic mechanism, CeNi,
and previously reported Ni/CeN cannot be easily contrasted
since chemical composition and particle structure configuration
are different for both materials. Nevertheless, the similarity in
their apparent activation energy values leads to a switch of the
RDS toward the formation of NH,, species for both materials, as
aforementioned.

To further investigate CeN formation and the surface
composition of both CeNi, and CeNis, X-ray photoelectron
spectroscopy (XPS) experiments were conducted. As shown in
Figure 2c, regarding Ni 2p XPS patterns, two positively charged
Ni species (Ni*" and Ni*") and metal Ni’ were detected for the
fresh CeNig sample (black line). However, only Ni’ species were
detected for the used sample, revealing a reduction of metal on
the CeNi; surface during the preactivation and initial reaction
stages. In contrast, only Ni’ species was detected for the fresh
CeNi, sample (Figure 2d, black line). As in the case of CeNij,
one could expect a clear presence of Ni° after the reaction for
CeNi,. However, metallic Ni was practically negligible for used
CeNi, (Figure 2d, red line). This could indicate that a layer of
CeN was formed in this catalyst during the reaction,
encapsulating the Ni species. Similar conclusions can be
obtained by analyzing the Ni 3p pattern (Figure S2c).

To confirm the formation of a surface nitride over the CeNi,
catalyst, the N 1s XPS signals were analyzed (Figure 2e,f). No
nitrogen species were detected over the used CeNis, which
suggests that the formation of the CeN phase is negligible.
However, two nitrogen peaks were clearly observed for CeNi,
(Figure 2f). The peak at 394.8 €V was attributed to N*~ from
CeN, in line with the only peak detected from the N 1s XPS
pattern of bulk CeN (Figure S2e). Apart from this peak, CeNi,
also showed an XPS peak at very high binding energies (404.0
eV), which can be ascribed to nitrogen species with high
electron charge, most of them in the form of nitrates. Despite
there are barely reported negatively charged N species around
this binding energy, XPS N 1s patterns from previous
investigations on Co—Cr—Mo alloys with implanted nitrogen
ions™ revealed the presence of nitrogen in the form of NH; or
NH, over the alloy surface at higher binding energies (ca. 400
eV) than nitride N*~ species (ca. 397 eV). These findings
suggest that the peak at 404.0 eV observed for the used CeNi,
may correspond to species with a less negative charge than the
N*" species peak, i.e, N*~ or N7, which could reveal the
presence of NH,, species on the surface of used CeNi,.

In summary, experimental characterization reveals that fresh
CeNi, turns into a catalyst made of a crystalline phase of Ni and

CeN (Figure 2a), in which a surface layer of CeN is
spontaneously formed (Figure 2f), while the CeNis structure
remains unaltered.

3.2. Role of the CeN Surface Layer Formation:
Temperature Effect. To further confirm the role of the CeN
layer formation over the CeNi, alloy, a series of experimental
runs were conducted. In these runs, 0.1 g of fresh CeNi, was
loaded into the reactor and heated at a certain temperature (4 °C
min~") under a total gas pressure (N,/H, = 1:3) of 0.1 MPa and
a WHSV of 36,000 mL g~' h™". Once the set point temperature
was reached for every run, the operating pressure was increased
to 0.9 MPa and an activation stage of S h was performed for
promoting CeN layer formation. Once this time lapse was over,
the ammonia synthesis rate was measured. After each run, XRD
analyses were conducted. The operating temperatures for every
run are shown in Table 2 An additional preactivation stage,
similar to that conducted in experiments from Section 3.1 (2 hat
500 °C), was carried out in run 8.

Table 2. Temperature Conditions of the Different Runs for
CeN Surface Layer Formation Experiments

run temperature (°C)

100 no

200

250

300

350

380

400

400 500 °C for2 h

additional preactivation stage

[=IEEN B N o

The evolution of the crystal structure with the run number is
shown in Figure 3a. Remarkably, modifications of the crystal
structure of the original fresh CeNi, sample were found to take
place at temperatures as low as 100 °C. Interestingly, during this
transformation process, a completely amorphous phase was
observed at temperatures below 380 °C (runs 1—S5), while an
incipient crystalline phase is only visible at 380 and 400 °C (runs
6—7). Thus, the crystal structure of the fresh catalyst was self-
organized, turning eventually into a crystalline CeN surface layer
after 500 °C pretreatment (run 8). Remarkably, this pretreat-
ment is similar to that used for the experiments shown in Section
3.1, which highlights the relevance of this preactivation stage.
Similar results were obtained previously for LaNis,*® in which a
self-organized LaN—Ni structure was spontaneously formed
over the original alloy surface, increasing the ammonia synthesis
performance by providing the LaN second phase with activity
toward N, dissociation.

The ammonia synthesis rates for every run are listed in Figure
3b. The activities remained below the detection limit up to 350
°C. At 380 and 400 °C (runs 6 and 7), the CeN crystalline layer
was not completely formed (Figure 3a) and ammonia synthesis
rates were 1 order of magnitude lower than those reported in
Section 3.1. The activation pretreatment at 500 °C (run 8) led to
the complete formation of a crystalline surface CeN phase over
the CeNi, catalysts, which was accompanied by a 4-fold increase
of the reaction rate versus run 7 despite being carried out at the
same temperature (Figure 3b). These results clearly demon-
strate that the CeN phase generated upon pretreatment at 500
°C has a crucial role in the ammonia synthesis performance of
CeNi,.
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The ammonia synthesis rates from runs 1—7 were compared
with those from previous kinetic experiments of CeNi, and
CeNij in the form of Arrhenius plots (Figure 3c). As expected,
the rates from run 8 were similar to those obtained for CeNi, at

15720

52

400 °C (Section 3.1) since both experiments were performed
under similar operating conditions and with the same
preactivation stage at 500 °C. At 350—380 °C (runs 6 and 7),
the synthesis rates were close to those obtained for CeNi;,
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further suggesting that the strong difference in activity of both
alloys originates from the formation of the CeN, which is absent
in CeNi; (Figure 2b).

3.3. Role of Nickel in CeNi, and Bulk CeN Performance.
After the importance of the CeN surface layer formation was
exposed, kinetic experiments were conducted for pure bulk CeN
with no Ni loading. Despite having higher surface areas (2.78 vs
0.29 m? g™!, Table S1), bulk CeN showed ammonia synthesis
rates 1 order of magnitude lower than CeNi, at the same
conditions (Figure 4a), thereby revealing the important role of
Ni in the reaction. To further investigate these notable
differences, additional experiments were carried out. The
following kinetic parameters were obtained for bulk CeN—
Ex: 72.1 k] mol™, a: 0.806, B: 1.155, y: —0.444. This material
showed a higher apparent activation energy and nitrogen
reaction order () than CeNi,, while both catalysts showed very
similar hydrogen reaction orders (/). This could indicate that
bulk CeN is less efficient than CeNi, in dissociating N, (the
importance of this step in the kinetic mechanism is higher) and,
eventually, to generate ammonia,”**** which was further
confirmed by the less negative (closer to 0) ammonia order
(7). CeN maintained its crystal structure after the reaction
(Figure 4b), revealing that the material is stable under the
operation conditions used herein.

Previous studies revealed that CeN nanoparticles have a
similar reaction mechanism than Ni/CeN nanoparticles.'® For
both catalysts, Ny vacancies generated over the surface of the
nitride layer can dissociate N, and activate H, to produce
ammonia simultaneously, leading to a competition between
activated N, and H, species to occupy those vacancies, which act
as second active sites. However, since the adsorption energy of
H, on Ni is lower than that on Ny, vacancies,16 Ni can act as an
additional active center for H, activation, leading to a higher
number of nitrogen vacancy sites available for N, dissociation
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over CeN after Niloading, greatly enhancing ammonia synthesis
of the pure nitride.

In order to clarify the role of Ni on the global ammonia
synthesis performance of CeNi,, temperature-programmed
desorption (TPD) analyses were conducted for CeN (both
fresh and used samples) and CeNi, and CeNis. The H, TPD
patterns of fresh CeN (Figure 4c) showed a peak at 300 °C,
which can be ascribed to hydrogen associated with residual
amounts of CeH, from the material synthesis process.””
Regarding the used samples, no H, peaks were observed for
CeNis, thereby revealing that this material cannot activate
hydrogen as efficiently as CeN, which showed a noticeable peak
at ca. 450 °C attributed to hydrogen species activated on Ny,
vacancies. Interestingly, compared to CeN, the onset temper-
ature of this high-temperature hydrogen peak decreased to 380
°C for CeNi,, thereby revealing a higher mobility of H, species
over the Ny vacancy sites in this material. CeNi, also showed a
low-temperature hydrogen peak at ca. 200 °C, which has been
previously associated with Ni.*° Similar results were obtained for
LaNi; alloys with two hydrogen peaks at ca. 150 and 365 °C
ascribed to Ni and LaN, respectively. Thus, Ni improves the
ammonia synthesis reaction by promoting H, dissociation and
therefore increasing the number of available surface Ny sites for
N, dissociation, enhancing both N, dissociation and NH;
generation. This mechanism is in §ood agreement with the
mechanism exhibited by Ni/CeN.'® However, regarding the
differences in performance and kinetic mechanism between
CeNi, and CeNig shown in Section 3.1 and considering that
nitrogen dissociation takes place mainly over the Ny sites for
CeNi, after the preactivation stage, maximizing CeN presence
over the catalyst surface seems to be an advantage of CeNi, alloy
over previously reported Ni/CeN. The role of Ni was further
confirmed by N, TPD (Figure 4d). The CeN sample used
showed a predominant peak at 550—650 °C ascribed to the
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release of N, from Ny sites. Remarkably, this peak shifted to
significantly lower temperatures (480 °C) for the used CeNi,,
thereby suggesting a higher mobility of N, species over the Ny,
sites in the presence of Ni. The TPD peaks were integrated, and
their normalized areas are shown in Table S2. The areas of both
N, and H, peaks of the used CeNi, are 1 order of magnitude
higher than those obtained for CeN and used CeNis. N 1s XPS
patterns of both fresh and used pure CeN (Figure S2e) show
that nitrogen is only in the form of CeN over the catalyst surface,
unlike used CeNi,, which is discussed in Section 3.1.

3.4. Role of Cerium Chemical State and Performance
of Ni/CeO, Nanopowder. Once studied the roles of CeN
(second active center for efficient N, dissociation) and Ni
(promote the activation of hydrogen species),'® we analyzed the
role of Ce in the ammonia synthesis reaction. In order to study
the chemical state of Ce and to verify Ce in a nitride form, the
performance of CeNi, was compared to that of a simple catalyst
of Ni supported on CeO,. Thus, a Ni/CeO, (20 wt % of Ni)
nanopowder catalyst was prepared and kinetic experiments were
performed under the same conditions used for CeNi, (Section
3.1), with a previous preactivation stage at S00 °C for 2 h. The
ammonia synthesis rates of Ni/CeO, and CeNi, are compared
in Figure Sa. Despite the higher surface area of Ni/CeO, (30.35
vs 0.29 m* g~* of CeNi,, Table S1), this catalyst showed lower
ammonia synthesis rates than CeNi,. Furthermore, Ni/CeO,
did not show a pressure effect as positive as expected (the rate
only increased slightly at 0.9 MPa), considering the rest of the
catalysts shown in this work.

The following kinetic parameters were obtained for Ni/CeO,:
E,: 115.9 k] mol ™, a: 0.857, f: —0.649, y: —0.062. An apparent
activation energy as high as 115.9 kJ mol™' and an ammonia
order (y) close to zero are clear indicatives of a less efficient
mechanism as compared to other catalysts reported in Sections
3.1 and 3.2. Furthermore, a negative hydrogen order (/) reveals
a noticeable hydrogen poisoning, which can explain the poor
effect of pressure on the synthesis rate for this catalyst.”

The XRD pattern of Ni/CeO, (Figure Sb) revealed no
significant changes in the crystal structure after the reaction. Ni
was present on an amorphous phase over the fresh catalyst, and
this could indicate that nickelocene is not properly reduced after
the initial prereduction stage after the solid-state reaction.
Furthermore, a very small peak corresponding to Ni can be
observed after the reaction, which could suggest that a certain
amount of amorphous Ni remains after the synthesis procedure.
Moreover, the catalyst preserved the CeQO, crystal structure,
with no peaks ascribed to reduced Ce,0;.°**® XPS analysis of
the used Ni/CeO, (Figure Sc) revealed an uncomplete
reduction of Ni species to Ni° during the preactivation stage
or the experimental reaction, in contrast with CeN or CeNi,
alloys. This incomplete reduction of Ni can also account for the
hydrogen poisoning effect observed for Ni/CeO, (ff = —0.649).

Considering the above results, the positive role of Ce in this
reaction seems to be associated with this element forming a
nitride phase, which serves as a second active center for N,
dissociation. When Ce is in the form of oxide, the promotional
effect in the ammonia synthesis reaction is rather limited,
showing high activation energies and significant hydrogen
poisoning, which results in lower synthesis rates and poorer
pressure effects as compared to CeNi,.

4. CONCLUSIONS

The importance of intermetallic RETM materials as effective
ammonia synthesis catalysts is highlighted herein. This work
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demonstrates that CeNi, can efficiently dissociate nitrogen and
produce ammonia by the spontaneous formation of a second
active phase (crystalline CeN surface layer) generated in situ
during the preactivation stage. The formation of this CeN phase
is key for promoting the ammonia synthesis reaction, as
demonstrated by the poor performance of CeNis, which, unlike
CeNi,, operated with no formation of CeN. Pure bulk CeN was
found to be less eflicient in dissociating N, and in forming NH,,
species as compared to CeNi,, thereby stressing the crucial role
of Ni in this reaction. Ni was found to be key in promoting H,
dissociation while increasing the number of Ny nitrogen vacancy
sites available to dissociate N, and generate NH;. Eventually, the
importance of the Ce chemical state (oxide versus nitride) was
highlighted herein. Ni/CeO, nanopowder showed a less
efficient kinetic mechanism (higher activation energies, strong
hydrogen poisoning, and poor affinity toward NH,, species) and
lower synthesis rates than CeNi,. The optimization of the Ce/Ni
ratio and the operating conditions leading to the formation of
the CeN layer over the CeNi, alloy can pave the way for efficient
non-noble metal ammonia synthesis catalysts, which could also
have particular scalable interest if they demonstrate to be air-
stable.
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Ceria (CeO,) has been previously reported as a functional support for ruthenium (Ru) as an ammonia
synthesis catalyst. However, lab-synthesized ceria materials usually present low surface areas, thereby
limiting the generation of oxygen vacancies and the ammonia synthesis activity as a result of weak metal-
support interactions. With the aim of overcoming this issue, we prepared, by a simple impregnation
method, high surface area ceria and ceria-alumina supported Ru catalysts with improved ammonia
synthesis performance at moderate temperatures. In this sense, lab-synthesized Ru/CeO, (with higher
specific surface area and lower crystallinity than commercial ceria) showed stronger metal-support
interactions than the commercial sample, which resulted in a superior global ammonia synthesis kinetic
mechanism with more positive hydrogen reaction orders (i.e., more resistant to hydrogen inhibition) and
significantly lower activation energies (46 vs. 61 kJ mol™). We found that the use of alumina as a structural
support increased the surface area of ceria, thereby promoting the Ru-CeOs, interaction and the catalytic

Received 2nd February 2025, performance. We analyzed the effect of the surface chemistry of two different commercial aluminas (acidic

Accepted 25th March 2025 and basic) with similar surface areas. Basic alumina was found to increase the specific surface area of the
catalyst to a larger extent as compared to acidic alumina. Thus, the Ru/CeO,-AlL,O5 catalyst with 50 wt% of
basic alumina showed an ammonia synthesis activity of 1.9 mmol g2 h * at 400 °C and ambient pressure

and an activation energy as low as 44.8 kJ mol ™.

DOI: 10.1039/d5cy00122f

rsc.li/catalysis

high pressures are on demand in order to circumvent both
kinetic and thermodynamic limitations since the ammonia

Introduction

The change in the global energy paradigm during the last few
decades shows a scenario in which green ammonia (NHj;)
could be used as a chemical platform for decentralized green
hydrogen (H,) plants."™ The current industrial process
producing NH; from H, is incompatible with the use of
renewables since harsh temperature (400-600 °C) and
pressure (20-60 MPa) conditions are required to produce
ammonia.* Such high temperatures are required to activate
the N, molecule and break the stable N=N triple bond. Thus,
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synthesis reaction is highly exothermic (ca. 92 kJ molyy, ).

Therefore, to successfully complete the transition into the
new global green hydrogen scenario, the ammonia synthesis
process needs to overcome several challenges, mainly related
to the catalytic reaction system.®’ In this context, several
alternatives to the conventional thermocatalytic ammonia
synthesis process are being proposed by the research
community,  including  plasma,®®  mechanocatalytic
synthesis,’® chemical looping,"* ™ photothermal catalysis*
and electrocatalytic synthesis.">'®

However, given the early stage of research of these
processes, the investigation efforts to design efficient
catalysts for thermocatalytic ammonia synthesis under mild
conditions have also grown exponentially within the last two
decades.” ™" The most recent studies are focused on the
development of stable and efficient catalysts based on non-
noble metals, although the complex synthesis methods and
conditions required represent a difficulty for their application
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scalability.>>*" In this sense, most novel catalysts mainly rely
on the performance of complex and sometimes non-stable
functional supports such as electrides, hydrides, nitrides or
intermetallics,"”” "***®>  which limits their practical
applicability.

Rare earth metal oxides have been reported to present
excellent electronic properties under strong metal-support
interaction (SMSI) conditions, ie., they can serve as electron
donors for the transition metal (TM), thereby promoting
nitrogen dissociation, which is usually the rate determining
step (RDS) of the process.”® Cerium oxide, the most abundant
rare earth oxide, forms oxygen vacancies upon reduction,
thereby promoting the metal (e.g., Ru, Co) by forming new
interfacial metal-CeO,_, sites’” for the ammonia synthesis
and promoting metal electronic donation. Thus, Ru/CeO,-
based catalysts have been reported to be more efficient than
1st generation Fe-based and 2nd generation Ru-based
catalysts such as Ru/MgO or Ru/C."’

However, commercial ceria usually suffers from low
surface area, which reduces the extent of the metal-support
interaction and ultimately results in apparent activation
energies significantly higher as compared to catalysts based
on novel supports such as electrides and hydrides."”"®
Therefore, the design of ceria-based catalysts with higher
surface area and optimum metal-support interaction can
increase both the number and activity of Ru sites in the
ammonia synthesis reaction. One of the methods to
increase the surface of ceria is the use of a high surface
area material as a structural support. In this sense, alumina
(Al,03) is a widely used structural support in many
applications in the field of thermocatalysis, since it has
optimal structural properties. With regard to the ammonia
synthesis, Al,O; has been used as a structural promoter for
Fe and some attempts were also made for Ru. However, it
was concluded that acid sites from alumina can strongly
interact with the NH; molecule, hindering its desorption.*
Therefore, basic supports, such as rare earth-based
materials, are usually preferred as structural promoters.*®
Also, considering that the SMSI between Ru and CeO,
mainly takes place on the catalyst surface,> it could be
interesting to substitute a fraction of the ceria-based
support with cheaper alumina, as long as the support
surface could be covered by ceria.

In this work, we analyse the differences in terms of
performance between two different materials as supports for
Ru: commercial ceria (to be named as CeO,|¢) and cerium
oxide made by a simple impregnation-calcination method
from cerium nitrate (to be named as lab-synthesized cerium
oxide: CeO,|ss). We demonstrate that the lab-synthesized
ceria outperforms the commercial ceria as a result of its
higher surface area and lower crystallinity, which led to the
formation of a higher concentration of more reactive surface
oxygen vacancies. The impregnation-calcination synthesis
method used herein allowed preparation of a ceria support
with improved kinetic properties in the ammonia synthesis
reaction as compared to commercial ceria.
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Furthermore, we study the impact of the structural
promotion of ceria with two types of different Al,O; materials
using a similar impregnation-calcination procedure. We
found that the acid sites of y-Al,O; played a detrimental role
in the performance of the Ru/CeO,-Al,O; catalysts, whereas
basic Al,O; allowed the kinetic performance of Ru/CeO, to be
improved.

Materials and methods
Catalyst preparation

The lab-synthesized ceria support was prepared using an
aqueous solution of Ce(NOj);-6H,O (99 wt% trace metal
basis, Sigma-Aldrich). After the complete dissolution of
cerium nitrate, the solution was evaporated overnight and
the resulting solid was calcined at 400 °C for 6 h (2 K min™").
Cerium oxide was softened by hand-milling with an agate
mortar.

Ceria—alumina supports were prepared by aqueous
impregnation of Ce(NOs);-6H,0 in an aqueous suspension of
any of the two different aluminium oxide materials: basic
alumina (activated basic, Brockmann I, Sigma-Aldrich) and
acidic alumina (anhydrous y-alumina, Merck). The
impregnation was carried out by stirring the suspension at
room temperature for 6 h. After the impregnation and
subsequent overnight evaporation, the support materials
were calcined at 400 °C for 6 h (2 K min™") and then softened
by hand-milling with an agate mortar.

Ruthenium(m) acetylacetonate (Ruacac 97%, Sigma-
Aldrich) was used as the Ru precursor. The catalysts with a 5
wt% loading of Ru were prepared by impregnation of Ruacac
onto the supports previously synthesized in ethanol. After
impregnation, the suspensions were evaporated, and the
catalysts were homogenized using an agate mortar. A pre-
reduction treatment was applied to all the catalysts, following
previously reported methods.>® During the pre-reduction
stage, the catalyst was treated under a pure H, flow at 400 °C
for 3 h, following a heating rate of 10 °C min~'. Then, a
treatment with a mixture of N, + H, = 1:3 was carried out
for 15 h.

Kinetic experiments

The kinetic tests were carried out in a micro-reaction system
with automated integral pressure, temperature, gas flow and
composition control (Microactivity-Effi, PID, Micromeritics)
in a 316SS fixed-bed reactor. A mixture of N,/H, = 1:3 with a
total gas flow of 60 N mL min™" was set up, with a catalyst
loading of 0.1 g and a space velocity of 36000 mL g”* h™". To
ensure that the reaction conditions are far away from
equilibrium limitations, the base case is set up at 400 °C and
atmospheric pressure. For the calculation of N, and H,
reaction orders, He was used as an inert diluent gas. With
the aim of obtaining accurate temperature measurements, a
thermocouple was placed into the catalyst bed. The produced
ammonia was trapped in an aqueous solution of diluted
sulfuric acid (5 mM) and the ammonium ion (NH,")
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concentration was measured by means of an ion
chromatograph (Dionex Easion, Thermo Scientific).

The reproducibility of the kinetic experiments was
checked as follows: a repetition of the whole kinetic mapping
for each catalyst was carried out in different runs until the
values of the ammonia reaction rate under the base case
conditions and the activation energies showed a standard
deviation below 10% over the average.

The procedure for the calculation of the reaction orders is
shown in the ESI;} section S1.

Characterization

Nitrogen physisorption experiment measurements (ASAP
2020 Plus, Micromeritics) were used to obtain the Brunauer—
Emmett-Teller (BET) specific surface areas of the catalysts.
Crystalline patterns were analysed by means of X-ray
diffraction (XRD, Bruker D8-Advance) with Cu Ko radiation.
X-ray fluorescence spectroscopy (XRF, Zetium de PANalytical)
was carried out to measure the bulk composition of all the
catalysts. Surface analyses were done by means of X-ray
photoelectron spectroscopy (XPS, NEXSA, Thermo-Scientific),
using monochromatized Mg Ko radiation. Binding energies
were calibrated with the carbon C-C 1s peak (284.6 eV). H,
temperature programmed reduction (H,-TPR) analyses were
done to study the SMSI and the formation of oxygen
vacancies. A gas flow of 100 mL min~" with a composition of
5% H, into He was used, with a heating ramp of 10 °C
min~'. The outlet gas composition was measured using a
mass spectrometer (Omnistar GSD 301 O,, Pfeiffer Vacuum).
High-angle annular dark-field scanning transmission electron
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microscopy (HAADF-STEM) experiments were conducted
using a Talos F200X (Thermo Fisher Scientific) microscope,
with high-resolution scanning (HRSTEM: 0.16 nm @200 kV).
CO,-TPD was carried out on a thermogravimetric analyzer
(TGA SDT650, TA Instruments) coupled with a mass
spectrometer (ThermoStar, Pfeiffer Vacuum). 35-60 mg of
catalysts were loaded in a 90 um alumina crucible. All the
catalysts were pre-treated under pure Ar to 500 °C, after
which the sample was cooled down to room temperature.
Once at room temperature, CO, was fed to the reactor for 2 h
to allow adsorption. Then, the temperature was raised to 40
°C under pure Ar to allow removal of the physisorbed CO,.
Finally, the TPD was conducted from 40 to 800 °C with a
heating rate of 10 °C min™".

Inductively coupled plasma atomic emission spectroscopy
(ICP-OES) experiments were conducted using the system
Optima 7300 DV with dual vision (Perkin Elmer) in order to
measure the Ru content of the catalysts and compare with
the XRF results. Prior to the ICP experiments, the samples
were dissolved in a mix of nitric acid and hydrochloric acid
(1:3) under microwave conditions. Then, a scaling
temperature program was followed up to 250 °C. After
cooling down, the samples were filtered and diluted in
ultrapure water.

Results and discussion
Lab-synthesized ceria vs. commercial ceria

The N, physisorption results for both commercial and lab-
synthesized ceria-based catalysts are shown in Fig. 1a. The
simple impregnation—-calcination synthesis method used
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Fig. 1 (a) Specific surface area of Ru/CeO,|c and Ru/CeO;|as. (b) Ammonia synthesis rates at 0.1-0.9 MPa and 400 °C. (c) Ammonia synthesis

rates at 340-400 °C and 0.1 MPa. (d) Nitrogen reaction order (a) plot, determined at 400 °C and 0.1 MPa. (e) Hydrogen reaction order () plot,
determined at 400 °C and 0.1 MPa. (f) Ammonia reaction order (y) plot, determined at 400 °C and 0.1 MPa.
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herein resulted in a material with a significantly higher
specific surface area as compared to the commercial sample
(76.3 vs. 34.0 m* g™"). This difference in the specific surface
area is important since the catalytic activity of Ru-based
catalysts in this reaction has been found to be strongly
influenced by the metal shape and particle size,*** as well
as by the support morphology.”® Interestingly, the specific
surface area obtained for Ru/CeO,|,s was higher than other
typical ceria-based catalysts (Table S1}), which highlights the
success of our simple impregnation-calcination synthesis.

The ammonia synthesis rates for both catalysts at low and
high pressure are shown in Fig. 1b. Ru/CeO,|,s showed
slightly higher activity than Ru/CeO,|c at 0.1 MPa (2.43 vs.
2.20 mmol g~ h™"). Both values were higher than those
reported for other Ru/CeO, catalysts under the same
operating conditions.?” The performance gap between both
catalysts further increased to 20% at higher pressures (5.16
mmol ¢! h™ for Ru/CeO,|s and 4.31 mmol ¢ h™" for Ru/
CeO,|c). This pressure effect is intimately related to the
kinetic efficiency, in particular, to the resistance towards
hydrogen poisoning.>® Thus, these results revealed a more
efficient global kinetic mechanism for Ru/CeQ,|,s.>"**

The effect of the operating temperature on the ammonia
synthesis performance was studied by performing runs at 400
(base case) and 340 °C (Fig. 1c). The relative difference in
terms of performance between both catalysts was 4-fold
higher at 340 °C, as compared to that observed at 400 °C. The
Arrhenius analysis revealed an activation energy of 61.3 kJ
mol™ for Ru/Ce0,|¢ (Fig. S4bt), while a noticeably low value
of 46.1 k] mol™" was obtained for Ru/CeO,|,s (Fig. S4ff). This
activation energy was significantly lower than those reported
for other similar Ru/CeO, catalysts (Table S1f) and
comparable to those of the best ammonia synthesis 3rd
generation catalysts such as complex single atom catalysts
(SACs), intermetallics and hydrides."”***” This outstanding
performance highlights the success of the simple synthesis
method used herein.

In the case of those catalysts following a dissociative
mechanism, such as Ru/CeO,, it is well known that the lower
the activation energy, the more efficient the N, dissociation
and activation step, which is usually the RDS of the
reaction.’®*>>” This was further confirmed by the N,
reaction order analysis. Typical N, (a), H, (B) and NH; (y)
reaction order plots are shown in Fig. 1d-f, respectively.
While B and y were similar for both catalysts, o was 29%
lower for Ru/CeO,|ss (ref. 35) compared to Ru/CeO,]c,
revealing a lower importance of the N, dissociation step for
Ru/CeO, 5. It is also remarkable that B was positive for both
catalysts, which suggests that hydrogen poisoning is not
relevant over these catalysts, in line with the positive pressure
effect shown in Fig. 1b.>® Interestingly, Ru/CeO,|s showed
higher B values than the commercial sample (0.62 vs. 0.55,
Fig. le), thereby revealing a higher resistance to hydrogen
inhibition over these catalysts. Moreover, the highly negative
values of y (ca. -0.8) indicate that NH; is prone to be
adsorbed over the catalysts, so the formation of NH, species
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(rather than the N, dissociation step) plays a crucial role in
the global kinetic scheme.>®

With the aim of gaining insight into the reasons for the
different performances of Ru/CeO,|,s and Ru/CeO,|c, further
characterization was carried out. Since the specific surface
area of Ru/CeO,|ss was significantly higher than that of the
commercial sample, it is expected that ceria has a lower
particle size in this sample, leading to an improved metal-
support interaction upon reduction.*®

An analysis of the Ru dispersion was carried out by means
of HAADF-STEM with EDX mapping (Fig. 2a and b). Ru was
found to be well dispersed over CeO, for both catalysts,
although the lab-prepared sample showed optimum
dispersion results (Fig. 2b). The HAADF-STEM pictures of all
the catalysts characterized in this work are shown in Fig. S2,f
whereas the EDX mapping with the contrast between Ru and
Ce is shown in Fig. S3.t Ru/CeO,|¢ (Fig. S2at) was found to
present an organized structure in the form of nanoplatelets,
whereas Ru/CeO,|,s (Fig. S2ef) seemed to be more
amorphous. The Ru/CeO,|ss sample showed minor Ru
agglomeration, which can be ascribed to the simplicity of the
synthesis method.

These results were further confirmed by XRD (Fig. 2¢). The
crystalline pattern showed peaks corresponding to the
fluorite structure of CeO,, which means that the support
preserves the original Ce"" crystalline lattice after the pre-
reduction process. Ru/CeO, |55 showed less intense and wider
diffraction peaks than Ru/CeO,|c, revealing lower
crystallinity. In order to quantify the difference in the
crystallinity between both catalysts, the crystallite sizes of the
first peak i.e., 20 = 28.5°, were obtained using the Scherrer
equation shown in eqn (1).

-~ KA
"~ p-cosf

(1)

D¢

2

where “D¢” is the crystallite size, “K” is the shape factor (a
value of 0.9 was taken as an approximation in this case), “1”
is the X-ray wavelength, “4” is the full width at half maximum
(FWHM) of the peak and “@” is the peak angle (half of 26).
Since the key point is a comparison between the crystallite
sizes for both catalysts, an arbitrary value of 0 was taken for
the instrumental line broadening, which leads to an
approximation of the values of the crystallite sizes. As
expected, RuCeO,|c showed a significantly higher CeO,
crystallite size than the RuCeO,|,s sample (22.8 vs. 9.4 nm).
As reported in previous studies, the lower the crystallinity,
the higher the presence of structural defects. These results
are in line with the improved kinetic mechanism for
ammonia synthesis of the lab-synthesized sample as a result
of an optimum Ru-CeO, contact.*’

The surface oxygen vacancies generated upon hydrogen
reduction at 400 °C promoted the formation of interfacial
metal-CeO,_, active sites®” via metal-support interactions.
In order to gain insight into the Ru-CeO, interaction, H,-

TPR experiments were conducted, from which the
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Fig. 2 Ru coupled to Ce elemental EDX mapping from HAADF-STEM results of the (a) commercial ceria catalyst and (b) lab-synthesized ceria

catalyst. (c) XRD patterns. (d) H,-TPR profiles. (e) Ru 3p XPS spectra.

generation of oxygen vacancies and the specific role of
the interactions between Ru and CeO, can be inferred.
The H, (m/z = 2) profiles for both catalysts are shown in
Fig. 2d. No reduction peaks were found at temperatures
typical of the reduction of Ru oxides'' (below 180 °C),
revealing that Ru is in the form of Ru’. The fact that Ru
is not present as oxidized species can explain the absence
of large Ru particles and agglomerates revealed by TEM
(Fig. 2a and b). Thus, the preparation method used herein
led to well dispersed Ru particles avoiding the formation
of Ru oxide patches which are typical of impregnation-
calcination processes.>> Two main reduction peaks were
observed in the TPR profiles: one peak at low temperature
(<250 °C) was attributed to the reduction of surface ceria
in intimate contact with Ru, whereas the peak at higher
temperature (>250 °C) corresponded to the reduction of
surface ceria not in close contact with Ru. The reduction
of surface ceria in close contact with Ru can be associated
with SMSI between Ru and Ce0O,.*° By comparing the TPR
profiles of the catalysts and the supports (Fig. S4af), it
can be inferred that Ru improved the reducibility of ceria,
most likely by a hydrogen spillover process.*” Ru/CeO,|as
showed lower reduction temperatures for surface CeO, in
contact with Ru as compared to Ru/CeO,|c (191 vs. 217
°C, Fig. 2d). These results revealed a more intense metal-
support interaction for Ru/CeO,|,s and, potentially, an
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enhanced electron transfer between CeO, and Ru, which
could account for its superior activity and the different
kinetic mechanisms of both catalysts.”® Reduction of the
surface CeO, not in close in contact with Ru took place
at a similar temperature for both catalysts (257 °C).

X-ray photoelectron spectroscopy (XPS) analyses were
conducted to analyse surface Ru species (Fig. 2e). The Ru XPS
spectra revealed the presence of two bands, namely, 3p;.,
attributed to Ru®*" species®® and 3p,; assigned to Ru®.**
Thus, XPS results revealed the presence of oxidized Ru
species which probably formed upon air exposure prior to
XPS analyses. We note that, prior to the reaction kinetic
measurements, the catalysts were pre-reduced in situ at 400
°C for 3 h to ensure that no oxidized Ru species were present
on the catalyst surface before the reaction. This in situ pre-
reduction step was also carried out before the TPR
experiments such that no reduction peaks originating from
Ru species are expected to appear in the TPR profiles.

In conclusion, the simple impregnation-calcination
method used herein led to the formation of a low crystallinity
cerium oxide with a higher surface area, as compared to the
commercial ceria. Ru/CeO,|ss showed a high degree of
crystalline defects, which promote the formation of more
active surface oxygen vacancies for those CeO, active sites in
contact with Ru, showing an enhanced SMSI. This enhanced
catalyst

showed an outstanding performance for low-
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Table 1 Nomenclature of Ru/CeO,-Al,O3 catalysts

Sample Alumina Ceria CeO, (Wt%)
S1 — Commercial 100
S2 Acidic 20
S3 50
S4 80
S5 — Lab-synthesized 100
S6 Basic 20
S7 50
S8 80

temperature ammonia synthesis (e.g., low activation energy)
and a more efficient kinetic mechanism.

Structural promotion with basic and acidic alumina

As explained in the previous section, the formation of a high
surface area low-crystallinity cerium oxide resulted in a Ru/
CeO, catalyst with improved metal-support interaction and
excellent low-temperature ammonia synthesis performance.
With the aim of increasing the surface area of the cerium
oxide and enhancing the Ru-CeO, interaction, we used
alumina as a structural support. Two different aluminium
oxide materials with similar specific surface areas (basic and
acidic) were used as structural promoters.

The nomenclature of the samples is shown in Table 1,
with samples S1 and S5 being respectively Ru/CeO,|c and
Ru/Ce0,|,s described in the previous section. The specific
surface area of the samples is shown in Fig. 3a as a
function of the ceria loading. As shown in Fig. 3a, the
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utilization of small amounts of alumina (e.g, 20 wt%)
resulted in a significant increase of the BET surface area,
especially for basic alumina. In the case of acidic alumina,
the specific surface area of the catalyst remained nearly
unchanged as the alumina loading increased from 20 to 80
wt%. The N, isotherms for the
determination are shown in Fig. S1.j

The activity of the Ru/CeO,-Al,0; catalysts in the
ammonia synthesis reaction was measured as a function of
the ceria loading (Fig. 3b) under base case conditions (400 °C
and 0.1 MPa). In the case of basic alumina, the ammonia
synthesis rate increased continuously with the ceria loading,
with a maximum value of 2.18 mmol g* h™ for the sample
with 80 wt% of ceria. In the case of the acidic alumina, the
sample with 50 wt% of ceria showed an optimum activity
(2.28 mmol g h™) and only slightly lower activity than the
pure ceria sample Ru/CeO,|,s (S5) despite containing half of
the ceria loading. These results also revealed that ceria plays
a key role in promoting the ammonia synthesis reaction on
Ru. In fact, once the ceria loading was reduced to 20 wt%,
the ammonia synthesis rate decreased considerably, reaching
values in the 0.5-0.7 mmol g”* h™" range for both basic and
acidic alumina catalysts. This decrease can be explained by
Ru-Ce sites being partially replaced with Ru-Al sites, which
are not active considering that alumina is not a functional
support for Ru.*®

Significant differences were found in the kinetic
behaviour of the catalysts for both aluminas. Thus, the
catalysts supported on acidic alumina showed higher
activation energies than those supported on basic alumina

specific surface area
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Fig. 3 (a) Specific surface area of Ru/CeO,-Al,03 catalysts as a function of the ceria loading. (b) Ammonia synthesis rates in the base case
conditions as a function of the ceria loading. (c) Activation energies at 400 °C and 0.1 MPa as a function of the ceria loading. (d) Nitrogen reaction
order at 400 °C and 0.1 MPa as a function of the ceria loading. (e) Hydrogen reaction order at 400 °C and 0.1 MPa as a function of the ceria

loading. (f) Long-term performance at 400 °C and 0.1 MPa.
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and Ru/CeO,|as (Fig. 3c). The Arrhenius plots for all the
catalysts are shown in the ESIf (Fig. S3b-i). Interestingly,
the activation energy of the 20 wt% ceria catalyst supported
on acidic alumina was as high as 73.0 k] mol™" (versus 53.7
kJ mol™ for the same catalyst supported on basic alumina).
This result seems to indicate that the acid sites of
v-alumina have a detrimental effect on the Ru-CeO,
interaction, thereby increasing the apparent activation
energy for the reaction. Also, as previously reported, acid
sites on the support strongly adsorb the ammonia produced
(i.e., ammonia poisoning), negatively affecting the global
catalyst performance.”®*® Basic alumina catalysts slightly
outperformed Ru/CeO,|ss in terms of an enhanced kinetic
mechanism, with an optimum activation energy of 44.8 kJ
mol™' for a ceria loading of 50 wt%. This result is
interesting in that 50% of ceria can be replaced with
cheaper alumina with a minimum effect on the activity and
an improved kinetic mechanism.

Nitrogen (o), hydrogen (), and ammonia (y) reaction
orders are shown in Fig. S5a-c, respectively. The dependence
of o and B on the ceria loading is shown in Fig. 3d and e,
respectively. For both acidic and basic alumina, the nitrogen
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reaction orders reached minimum values at a ceria loading
of 50 wt% (0.69 and 0.60, respectively). Overall, catalysts
supported on basic alumina showed lower nitrogen reaction
orders than catalysts supported on acidic alumina. These
results are in line with the Arrhenius results (Fig. 3c)
revealing a facilitated nitrogen dissociation and activation
pathway for catalysts supported on basic alumina. Noticeably,
the 50 wt% ceria catalyst supported on basic alumina showed
lower nitrogen reaction orders than Ru/CeO,|ss (0.60 vs.
0.74). With regard to hydrogen reaction orders, positive
values were obtained for ceria loadings higher than 50 wt%,
thereby ruling out hydrogen inhibition (unlike catalysts with
20 wt% of ceria).

All the catalysts tested in this work showed excellent long-
term stability (Fig. 3f). After an initial activation stage of ca.
24 h, variations in the ammonia synthesis rate below 10%
under base case conditions (400 °C and 0.1 MPa) were found
in all cases for more than 100 h on stream.

The HAADF-STEM pictures of the alumina-supported
catalysts are shown in Fig. S2.f Unlike Ru/CeO,|c, none of
the Ru/CeO,-Al,O; catalysts seem to present a clearly defined
structure, probably because of the poor crystallinity of both
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aluminas after the calcination process (Fig. S5dt). Elemental
EDX patterns of Ru, Ce and La (Fig. S37) revealed poorer Ru
dispersion for the alumina-based catalysts as compared to
Ru/Ce0, |5 (Fig. S3et).

The XRD patterns of the CeO,-Al,0; samples (Fig. 4a)
showed no evidence of Al,O; phases, in line with the poor
crystallinity of these materials. CeO, crystallite sizes
(calculated by the Scherrer equation, Fig. 4b) similar to those
of Ru/CeO,|ss were found for ceria loadings of 50 and 80
wt%, with samples supported on basic alumina showing
slightly lower ceria crystallite sizes than their acidic alumina-
supported counterparts. However, this difference seems to be
marginal to explain the differences in terms of performance
of both aluminas. Overall, the CeO, crystallite size for all the
ceria-alumina based catalysts does not account for the
different kinetic behaviour explained above. A simulation of
the reference patterns from CeO,, Al,O; and Ru found in the
database is shown in Fig. S5et for clarity.

As aforementioned, the SMSI is related to the Ru-Ce
interactions at the catalyst surface. In order to study the
distribution of the different elements on the catalyst surface
and their oxidation state, XPS analyses were conducted. The
distribution of Al, Ce and Ru was calculated assuming that
these elements were present on the surface in the form of
Al,O3, CeO, and Ru’, respectively, as an approximation, since
those are the expected chemical species for Al, Ce and Ru,
respectively. The amount of CeO, on the surface as a function
of the ceria loading is shown in Fig. 4c. For acidic alumina
catalysts, there is a direct relationship between the ceria
loading and the amount of ceria present on the catalyst
surface, with maximum deviations of 12 wt% between both
parameters, thus revealing that cerium oxide is well
dispersed over the alumina matrix. Conversely, the basic
alumina catalysts with 50 wt% loading showed the highest
deviation between the ceria contents on the catalyst surface
and in the bulk, which could explain the good kinetic
properties of this catalyst (e.g,, low activation energy, low
nitrogen reaction order and positive hydrogen reaction
order). In order to gain insight into the reducibility of the
ceria on these catalysts, a previously reported method was
used to calculate the distribution of Ce** and Ce"" from the
deconvoluted XPS patterns.”” These results are shown in
Fig. 4d, whereas the Ce 3d XPS patterns are shown in Fig.
Sé6a.f For basic alumina catalysts, the lower the ceria loading,
the higher the amount of surface Ce®". In the case of acidic
alumina catalysts, the amount of surface Ce*" reached a
maximum for a ceria loading of 50 wt%, in line with the
kinetic results revealing an optimum performance for this
catalyst among the acidic alumina-based materials. The XPS
patterns for Ru are shown in Fig. Sé6b.}

We have analysed the XPS results of our catalysts. In
particular, the surface oxygen species on the catalysts were
studied by analysing the O 1s spectra. Following the
methodology of previous reports,*®* we have deconvoluted
the O 1s band into three main peaks (Fig. S71), which can
be ascribed to different oxygen species. Thus, the peak at
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Table 2 Percentage amounts of O 1s species obtained by deconvolution
of the XPS O 1s band

Sample Oy (%) Oy (%) O (%)
S1 86.0 13.8 0.2
S2 19.9 65.6 14.5
S3 57.8 371 5.1
S4 81.0 14.2 4.8
S5 88.3 2.5 9.1
S6 9.9 71.2 18.9
S7 70.3 21.4 8.3
S8 54.0 29.8 16.2

low binding energy (ca. 529.1-530.8 eV, O)) is usually
attributed to ceria lattice oxygen species in close contact
with Ru (Ru-O-Ce), the second peak at ca. 530.9-532.0 eV
is ascribed to ceria surface oxygen vacancies (O,), while the
third peak (ca. 531.5-533.5 eV) can be ascribed to adsorbed
oxygenated species such as water and oxygen (Og). The first
two species (O, and O,) are associated with the presence of
Ru-CeO, interactions leading to both electronic and
structural interactions that result in catalytic promotion of
Ru in this reaction. We quantified the amount of these
species from the deconvoluted XPS spectra and the results
are reported in a new table (Table 2). Interestingly, as
shown in Fig. 4g, the number of O, species was found to be
directly related to the surface concentration of CeO,
determined by XPS. On the other hand, the amount of ceria
oxygen vacancies (O,) increased with the alumina content
since the structural promotion of Al,O; leads to higher
CeO, dispersions on the catalysts (Table 2). Thus, there
seems to be a trade-off between the number of Ru-O-Ce
sites (which increases with the ceria loading) and the
number of oxygen vacancies (which increases with the
alumina loading). This trade-off could explain the optimum
activation energy found for the 50% CeO, supported on
basic alumina (Fig. 3c).

XRF (Fig. Séct) revealed similar tendencies to those
observed in the XPS results for the surface ceria content.
Furthermore, a Ru effective loading of 2-3% was achieved for
all the catalysts reported in this work, with no significant
relationship between Ru and CeO, loadings (Fig. Sé6df) for
both acidic and basic alumina-based catalysts.

The Ru loading was also determined by ICP-OES and the
results are reported in Table 3. ICP results slightly differed

Table 3 Ru loadings determined by XRF and ICP-OES experiments

Nominal Ru XRF Ru ICP-OES Ru

Sample loading (wt%) loading (wt%) loading (wt%)
S1 5.0 2.2 4.3
S2 2.4 1.1
S3 2.1 2.3
S4 2.5 1.4
S5 2.5 1.6
S6 3.1 2.1
S7 2.7 2.4
S8 2.6 2.7
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from those obtained by XRF (Fig. S4df). With the exception
of S1, ICP revealed Ru loadings in the range of 1-3 wt% for
all the catalysts synthesized herein. We note that these
values are lower than the nominal content (5 wt%), and this
could be explained by the well-known recalcitrance of Ru
towards acids, which often results in incomplete
dissolution.”*>*

The H,-TPR profiles of the ceria-alumina catalysts
(Fig. 4e) showed two main peaks at low and high
temperatures which can be ascribed to the reduction of
surface ceria in close contact with Ru and surface ceria not
in contact with Ru, respectively. The low temperature peaks
appeared at lower temperatures as the ceria loading
increased for both aluminas, with optimum values (207 and
219 °C) for 80 wt% ceria loading on acidic and basic
alumina, respectively. Interestingly, alumina-supported
catalysts showed reduction peaks at higher temperatures
compared to Ru/CeO,|as (S5, Fig. 4e), which seems to
indicate that the presence of alumina affects the net
formation of surface oxygen vacancies as a consequence of a
less intense interaction between Ru and CeO,, particularly
for basic alumina. Therefore, it seems clear that the strength
of the metal-support interaction for the CeO,-Al,O; catalysts
depends highly on the ceria loading rather than on the
surface area. For instance, the S8 sample showed reduction
peaks at higher temperatures than Ru/CeO,|s despite having
significantly higher specific surface area.

We conducted CO,-TPD experiments for all the catalysts
tested in this work (Fig. 4f). The TPD profiles of the
supports (basic alumina, acidic alumina, and lab-prepared
Ce0,) are also reported in the ESIt (Fig. Sée). As shown in
Fig. 4f, all the samples under study showed similar TPD
profiles containing one single desorption peak at low
temperatures (109-158 °C), thereby revealing weak surface
basicity in all cases. This low-temperature desorption peak
is normally ascribed to the decomposition of carbonates
formed during CO, adsorption at room temperature, which
takes place with the simultaneous release of CO, and H,O
(not shown). Both commercial (S1) and lab-synthesized (S5)
Ru/CeO, samples showed surface sites with similar basicity
strength (i.e., desorption peaks at the same temperature),
although the amount of surface basic sites was significantly
higher for the lab-synthesized sample, in line with its
higher surface area (Fig. 1). Thus, the number of ceria
surface sites (and thus the improved Ru-CeO, interaction)
rather than the basicity strength seems to explain the
different kinetic behaviour of both samples (Fig. 1). The
TPD profiles of the alumina-containing samples with low
CeO, loading (20 wt%, S2 and S6) showed profiles very
similar to those of their alumina parent supports (Fig.
Séet). As expected, the S6 sample supported on basic
alumina showed a CO, desorption peak at higher
temperatures than the S2 sample supported on acidic
alumina (158 vs. 129 °C). Finally, the samples with higher
CeO, content (50-80 wt%, S3, S4, S7, and S8) showed TPD
profiles very similar to that of high surface area Ru/CeO,

This journal is © The Royal Society of Chemistry 2025
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(S5). In this case, the samples supported on basic alumina
(S7 and S8) showed desorption peaks with higher area than
their counterparts supported on acidic alumina (S3 and S4),
thereby revealing a higher CeO, dispersion on basic
alumina (in line with the CeO, crystallite size data of
Fig. 4b). These results could also explain the superior
kinetic behaviour of basic alumina-supported samples S7
and S8 in terms of activation energy as compared to their
acidic alumina-supported counterparts (Fig. 3c).

As a summary, the role of alumina as a structural
promoter for ceria in Ru/CeO,-Al,O; catalysts has been
unveiled. The use of alumina as a support allowed a high
surface area, low crystalline and highly dispersed reducible
cerium oxide to be generated, which helped improve the
ammonia synthesis mechanism by decreasing the activation
energy and the nitrogen reaction order, with an optimum
loading of 50 wt% for both acidic and basic alumina
supports. Acidic alumina had a negative effect on the
catalytic performance, probably due to the strong adsorption
of the ammonia produced in acid sites (ammonia inhibition).
This poisoning effect was most relevant for low ceria loadings
(e.g., 20 wt%). The Ru/CeO,-Al,0; catalyst with 50 wt% ceria
and basic alumina showed optimum kinetic performance
with an activation energy as low as 44.8 kJ mol ™.

Conclusions

A simple impregnation-calcination method was used herein
for the synthesis of CeO, and CeO,-Al,O; supports for Ru.
These catalysts showed an outstanding performance for the
low-temperature ammonia synthesis reaction, with activation
energies comparable to those of the best catalysts reported so
far. In this sense, a lab-prepared high-surface-area sample
Ru/Ce0,|5s showed an activation energy as low as 46.1 k]
mol™". This sample also showed excellent low-temperature
kinetic behaviour with a very positive H, reaction order
(thereby avoiding typical hydrogen inhibition issues
associated with Ru) and a significantly lower N, reaction
order as compared to the commercial counterpart (thereby
allowing enhanced N, dissociation/activation).

Structural promotion of ceria with alumina led to the
formation of catalysts with higher specific surface areas and
lower ceria crystallinity. While acid sites from y-alumina were
found to negatively affect the ammonia synthesis
performance, basic alumina allowed the ceria loading to be
reduced while maintaining excellent activity and kinetic
behaviour (activation energy as low as 44.8 k] mol™) and
reaction orders comparable to those of Ru/CeO;|s.

The good performance of these easily prepared catalysts
paves the way for a new family of 3rd generation catalysts
which can be used as an alternative to complex electrides,
hydrides and intermetallics, thereby providing new solutions
for easier industrial catalyst scale up and effective integration
of ammonia synthesis technology with renewables. We note
that several improvements could be made to our catalysts.
First, electropositive alkaline promoters could be added to
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facilitate electronic transfer towards Ru, thereby facilitating
N, dissociation by providing electrons to the antibonding
molecular orbitals. Second, we could enhance the Ru-CeO,
interaction by adding elements able to form a solid solution
with CeO,, such that the CeO, lattice is distorted and the
formation of oxygen vacancies (e.g., CeO,) is facilitated.
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lll. Section 3: Conclusions and future prospects

The objectives proposed in the Section 1.2 of this Thesis have been successfully
achieved. In general, a deep understanding of the thermocatalytic ammonia synthesis
has been gained, particularly regarding the main kinetic aspects of this chemical reaction
i.e., the kinetic mechanisms, Nz dissociation, H2 poisoning, the role of electron transfer,
etc. The versatility of cerium has been demonstrated, since this metal exhibits an
excellent performance, indistinctly as the bimetallic CeNiz alloy or as a support for Ru in
the form of CeO..

The specific objective 1 was accomplished by the generation of the publication
reported in the Chapter 1. The review in the state-of-the-art led to the comprehension of
the ammonia thermocatalytic synthesis insights and reinforced the good performance of
rare earths, particularly, cerium, in the design of 3™ generation ammonia synthesis

catalysts.

The specific objective 2 was covered in the publication shown in the Chapter 2.
The good performance of a non-noble metal-based catalyst was demonstrated by the
synthesis of CeNi2. The formation of a CeN surface layer under the reaction conditions
was demonstrated to act as a second active center for the N2 dissociation, while an
efficient Hz dissociation was given by the action of Ni via Hz spillover. As a consequence,
a performance of 1.0 mmol g-' h-' at 400 °C and an apparent activation energy of 55.3 kJ

mol! were achieved.

The specific objective 3 was completed with the publication from the Chapter 3.
A Ru/CeO:2 catalyst with an excellent performance of 2.4 mmol g-' h-" and an apparent
activation energy of 46.1 kJ mol"' was produced by a simple impregnation-calcination
method. Moreover, the structural promotion given by the impregnation of CeOz2 into Al203
led to a significant increase in the specific surface area. As a consequence, a superior
formation of oxygen vacancies was reported. It was demonstrated that there is a trade-
off between the metal-support interactions (Ru-O-Ce sites) and the structural promotion,
which concludes with an optimum ceria loading over the Ce-Al support of 50 wt%,
showing an apparent activation energy of 44.8 kJ mol'. This opens a potential window
for an efficient transition between research a real application, considering that an easy-

to-make, efficient, air stable and relatively low-cost material was obtained.

The specific objective 4 was accomplished by the results shown in the Chapter

4. The addition of La into the crystalline net of CeOz2 led to the formation of Ce-La solid
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solution, with an optimum performance for the catalyst with a 50 mole% loading of Ce
onto the support. Both superior structural and electronic properties were reported for the
La-Ce mixed oxide supports i.e., a much higher Ru dispersion and concentration on the
surface, a superior generation of surface crystalline defects, a higher formation of surface
oxygen vacancies and enhanced metal-support interactions. As a result, the kinetic
mechanism of Ru/CeO2 showed in the Chapter 3 was outperformed by Ru/CeO2-La20s.
A reaction rate of 2.7 mmol g' h-" at 400 °C and 0.1 MPa, as well as an apparent activation
energy as low as 34.1 kJ mol! were obtained. This catalyst shows a good performance
at low temperatures and an excellent pressure response, with an outstanding resistance
to Hz poisoning. In order to reinforce the results obtained, the realization of H2-TPR

experiments would be desirable in future works.

This Thesis demonstrates that the design of excellent ammonia synthesis
materials made by simple materials and/or simple synthesis methods is not a utopia, but
a real possibility. Further research efforts must be done in order to optimize and gain
deeper understanding in the performance of Ru/CeO2-based catalysts. There are several
methodologies that could be applied, such as the enhancement of the electronic
properties by the addition of alkaline elements or the structural promotion of the support,
with the selection of the particle size and the increase in the catalyst homogeneity. Thus,
this research line, focused on the rational design of materials for ammonia production
with an eye on their scalability, holds great potential and could serve as a guidance for
the development of new ammonia synthesis catalysts with the focus on the improvement

of the industrial process.

In any case, this work states that a new generation of ammonia synthesis
catalysts could rise from the change on the meaning of “novelty”, transitioning from the
synthesis of complex and non-stable chemicals, towards the production of more available
and useful materials. In this sense, we demonstrated that cerium could play a significant
role in that transition. With the reader's indulgence, | will dare to name these materials as
the 4" generation ammonia synthesis catalysts. This could look like a challenge, but as
Dr. Albert Einstein said, “if we knew what it is we were doing, it would not be called

research. Would it?”
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Annex lll. Methodology

The methodology followed in the compendium of publications described in the
Section 2 of this thesis is specified in each chapter. Nevertheless, some specific aspects
about the materials and methods are clarified in order to make the analysis of this

document more friendly for the reader, as follows:

1. Analysis of the state-of-the-art. An initial screening of reviews and small
number of references were provided to the author. The platform Researchgate
was used as a dynamic platform to the development of a more complete
analysis of the state-of-the-art. A deep research was conducted by selecting
the most relevant (i.e., most cited) references in which the initial reviews
provided were cited and/or referenced. As a result, a scientific publication was
achieved, as shown in the Chapter 1. As long as this paper was published in
2023, some of the most recent advances found in the state-of-the-art (i.e.,
2023-2025) are covered in the Introduction of this thesis.

2. Statistical analysis of the experimental results. The analysis of the results
used to obtain the reaction orders was similar in all the Chapters of this thesis
and it is specifically shown in the Section 4.2.2 of this document. To obtain
the apparent activation energies, an Arrhenius analysis was conducted: the
dependence of the reaction rate with the reaction temperature was obtained,
while keeping constant the rest of the parameters. As a result, the ammonia
synthesis rate can be expressed as a function of the reaction temperature, as

expressed in Eq. 9:

Ea

R=k -eRT Eqg. 3
Where K’ is the apparent frequency factor, R is the ideal gases constant, T is
the reaction temperature and Ea is the apparent activation energy.

In order to ensure the reproducibility of the results shown in the Chapters 3
and 4 of this thesis, the analysis of the kinetic parameters was carried out in
duplicate. The criteria followed, as aforementioned, was to achieve standard
deviations below 10 % in the apparent activation energies and the ammonia
synthesis rates at 400 °C and 0.1 MPa. With the exception of the samples S2,
S7 and S8 from the Chapter 3 and the sample A1 from the Chapter 4,
duplicate experiments led to achieve the reproducibility restrictions. For the

exceptions specifically mentioned, triplicate experiments were conducted.
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